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The locus coeruleus (LC) is activated by noxious stimuli, and this activation leads to
inhibition of perceived pain. As two physiological reflexes, the acoustic startle reflex
and the pupillary light reflex, are sensitive to noxious stimuli, this review considers
evidence that this sensitivity, at least to some extent, is mediated by the LC. The
acoustic startle reflex, contraction of a large body of skeletal muscles in response to
a sudden loud acoustic stimulus, can be enhanced by both directly (“sensitization”)
and indirectly (“fear conditioning”) applied noxious stimuli. Fear-conditioning involves the
association of a noxious (unconditioned) stimulus with a neutral (conditioned) stimulus
(e.g., light), leading to the ability of the conditioned stimulus to evoke the “pain response”.
The enhancement of the startle response by conditioned fear (“fear-potentiated startle”)
involves the activation of the amygdala. The LC may also be involved in both sensitization
and fear potentiation: pain signals activate the LC both directly and indirectly via the
amygdala, which results in enhanced motoneurone activity, leading to an enhanced
muscular response. Pupil diameter is under dual sympathetic/parasympathetic control,
the sympathetic (noradrenergic) output dilating, and the parasympathetic (cholinergic)
output constricting the pupil. The light reflex (constriction of the pupil in response
to a light stimulus) operates via the parasympathetic output. The LC exerts a dual
influence on pupillary control: it contributes to the sympathetic outflow and attenuates
the parasympathetic output by inhibiting the Edinger-Westphal nucleus, the preganglionic
cholinergic nucleus in the light reflex pathway. Noxious stimulation results in pupil dilation
(“reflex dilation”), without any change in the light reflex response, consistent with
sympathetic activation via the LC. Conditioned fear, on the other hand, results in the
attenuation of the light reflex response (“fear-inhibited light reflex”), consistent with the
inhibition of the parasympathetic light reflex via the LC. It is suggested that directly applied
pain and fear-conditioning may affect different populations of autonomic neurones in the
LC, directly applied pain activating sympathetic and fear-conditioning parasympathetic
premotor neurones.
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INTRODUCTION
The locus coeruleus (LC) has been implicated in a number
of physiological and psychological functions. The LC plays an
important role in the promotion and maintenance of arousal
(Robbins, 1984; Berridge, 2008; Carter et al., 2010; Berridge et al.,
2012). It is a wakefulness-promoting nucleus situated in a strate-
gic position in the center of the arousal/sleep network, collecting
information from both wakefulness- and sleep-promoting nuclei
in the network. Excitatory outputs from the LC project directly
to the cerebral cortex and other wakefulness-promoting nuclei,
whereas inhibitory outputs project to sleep-promoting nuclei
(Samuels and Szabadi, 2008a,b). The LC is involved in autonomic
regulation: it contributes to sympathetic outflow by an excitatory
projection to preganglionic sympathetic neurones, andmodulates
parasympathetic activity via an inhibitory projection to parasym-
pathetic preganglionic neurones (Samuels and Szabadi, 2008a,b).
LC activity also influences endocrine functions via connections to
the hypothalamic paraventricular nucleus (PVN) and tuberoin-
fundibular area (Samuels and Szabadi, 2008a), and the LC has
been shown to be involved in stress responses associated with
the activation of the hypothalamic-pituitary-adrenal axis (Plotsky
et al., 1989; Valentino and Van Bockstaele, 2008; Ulrich-Lai and
Herman, 2009; Hermans et al., 2011). The LC plays an important
role in the maintenance of muscle tone via an excitatory pro-
jection to motoneurones in the brainstem and the spinal cord
(Samuels and Szabadi, 2008a). Due to its extensive connections
to the amygdala, limbic system, and cerebral cortex, the LC has
been implicated in a number of cognitive functions (in partic-
ular, attention) and emotions (anxiety, mood) (Robbins, 1984;
Berridge and Waterhouse, 2003; Aston-Jones and Cohen, 2005;
Sara, 2009). The LC is also involved in the processing of pain
signals and the modulation of pain sensation (see below).
It is known that two physiological reflexes, the acoustic
startle reflex, a somatic reflex, and the pupillary light reflex, an
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autonomic reflex, are both modulated by pain. In this review,
the possible involvement of the LC in the effect of pain on these
reflexes will be considered. Most of the experimental studies
quoted involve acute pain evoked by noxious stimulation; when
these studies are referred to, the stimulus is specified either in the
text or in brackets after the reference. When the pain condition
was chronic (e.g., pathological or neuropathic pain), this is made
clear in the text.
PROCESSING OF PAIN BY THE LC
The nociceptive neurones of both the trigeminal sensory nuclei
in the brainstem and the dorsal horn of the spinal cord project,
via the trigemino-thalamic and spino-thalmic pathways to the
somatosensory nucleus of the thalamus, a major pain-processing
subcortical relay nucleus. Pain signals from the thalamus reach
the somatosensory area of the cerebral cortex, the site of the
highest level of pain processing, via the powerful thalamocor-
tical pathway (Kiernan, 2005). Apart from the somatosensory
thalamus, the LC is also an important subcortical relay nucleus
in the pain-processing system, channeling pain information to
the somatosensory cortex. Like the thalamus, the LC receives
nociceptive inputs from both the trigeminal sensory nuclei and
the dorsal horn of the spinal cord (Craig, 1992). Furthermore,
the LC projects to higher pain-processing structures, such as
the somatosensory thalamus, via the coeruleo-thalamic path-
way (Peschanski and Besson, 1984; Westlund et al., 1991; Voisin
et al., 2005), and also directly to the cerebral cortex, via the
coeruleo-cortical pathway (Nieuwenhuys, 1985). Although the LC
innervates all areas of the neocortex, one of its main projection
targets is the somatosensory cortex (Levitt et al., 1984; Gaspar
et al., 1989). There is physiological evidence of the processing
of pain signals, evoked by the electrical stimulation of the tooth
pulp, by the LC, as revealed by recording the activity of single
neurones in the somatosensory thalamus (Voisin et al., 2005).
There is extensive evidence showing that noxious stimula-
tion results in an increase in LC activity. Noxious stimuli evoke
an increase in the electrical activity of LC neurones, shown
by both extracellular [Kimura and Nakamura, 1985 (tail pinch,
air puff); Elam et al., 1986 (noxious heat); Rasmussen et al.,
1986 (pinch); Hirata and Aston-Jones, 1994 (foot shock)] and
intracellular [Sugiyama et al., 2012 (pinch)] recording. Painful
stimulation leads to an increase in the expression of Fos, the
protein product of the activation of the intermediate early gene
c-Fos, a marker of neuronal activity [Bullitt, 1990 (noxious heat
and cold, pinch); Pezzone et al., 1993 (electric shock); Palkovits
et al., 1995 (subcutaneous formalin injection); Voisin et al., 2005
(electric tooth pulp stimulation); Wang et al., 2009 (colon dis-
tension)]. Noxious stimuli evoke an increase in the release of
noradrenaline from the LC [Singewald et al., 1999 (air puff,
noise stress); Kaehler et al., 2000 (tail pinch); Sajedianfard et al.,
2005 (subcutaneous formalin injection)]. A number of neuro-
transmitters and neuromodulators have been implicated in the
modulation of the activation of the LC by noxious stimuli.
There is direct evidence indicating the involvement of glutamate
[Hayashida et al., 2010 (hind paw pressure)] and extracellular
signal-regulated kinase (ERK) [Imbe et al., 2009 (subcutaneous
formalin injection)]. Furthermore, the involvement of a number
of other neurotransmitters/neuromodulators has been suggested
on the basis of more indirect evidence, such as GABA (Pan et al.,
2002), opiates (Pan et al., 2004), purines (Khakpay et al., 2010),
and cannabinoids (Carvalho and Van Bockstaele, 2012).
MODULATION OF PAIN BY THE LC
The LC projects to pain-sensitive neurones of the trigeminal sen-
sory nuclei, via the coeruleo-trigeminal pathway (Senba et al.,
1981; Tsuruoka et al., 2003b) and the dorsal horn of the spinal
cord, via the coeruleo-spinal pathway (Guyenet, 1980; Fritschy
and Grzanna, 1990; Liu et al., 2007), and also to the pain-
processing neurones of the somatosensory thalamus (Peschanski
and Besson, 1984; Westlund et al., 1991; Voisin et al., 2005). Via
these modulatory pathways, the LC exerts an inhibitory influence
on pain sensation [(Maeda et al., 2009) (hind paw inflamma-
tion)]; for reviews see Willis and Westlund (1997); Pertovaara
and Almeida (2006); Ossipov et al. (2010). The LC can be acti-
vated by noxious stimulation (see above), which leads to the
inhibition of the pain evoked by a noxious stimulus, such as
hind paw inflammation (Tsuruoka et al., 2003a; Maeda et al.,
2009). LC activation by direct electrical stimulation also evokes
an anti-nociceptive effect [Margalit and Segal, 1979 (hot plate);
West et al., 1993 (noxious heat: foot withdrawal response)].
Interestingly, it has been reported that the anaesthetic gas nitrous
oxide activates the LC, and this effect has been implicated in the
analgesic effect of the drug [Sawamura et al., 2000 (tail flick,
hot plate)]. However, there are exceptions: the LC may facilitate,
rather than attenuate, chronic neuropathic pain [Brightwell and
Taylor, 2009 (nerve injury-induced hyperalgesia)]. Furthermore,
the α2-adenoceptor agonist clonidine, a drug known to reduce
LC activity (Aghajanian and VanderMaelen, 1982; Williams et al.,
1985; Fernández-Pastor et al., 2005), has a paradoxical anal-
gesic effect [Sawynok and Reid, 1986 (tail flick); Sierralta et al.,
1996 (acetic acid writhing test); Wang et al., 1998 (hot plate);
Yoshikawa et al., 2001 (pain evoked by propofol injection in
humans); Hauck et al., 2006 (electric shock to fingertips in
humans)]. However, as α2-adrenoceptors occur not only on LC
neurones, but at many other sites in the pain-processing/pain-
modulating pathways (Pan et al., 2008; Ossipov et al., 2010),
clonidine’s analgesic effect may not be mediated via the LC.
Indeed, it has been reported that while clonidine decreases the
activity of LC neurones in rats subjected to noxious stimula-
tion by subcutaneously injected formalin, it activates dorsal horn
neurones in the spinal cord, implicating this latter action in the
analgesic effect of clonidine (Fukuda et al., 2006).
Conditioned pain modulation, also referred to as “diffuse
noxious inhibitory controls,” involves the application of diffuse
relatively mild painful stimuli which lead to the attenuation of
the sensation of pain evoked by a localized strong noxious stim-
ulus [Pertovaara and Almeida, 2006 (review); Lewis et al., 2012
(noxious cold and pressure, ischaemic arm test in humans)].
This mechanism has been implicated in the analgesic effect of
acupuncture [Bing et al., 1990 (noxious heat)]. It has recently
been reported that repeated injections of diluted bee venom,
which lead to the attenuation of both acute pain evoked by a
noxious thermal stimulus and chronic (neuropathic) pain evoked
by the ligation of the sciatic nerve, activate the LC (Kang et al.,
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2012). Therefore the analgesic effect of conditioned pain modu-
lation may involve the activation of the pain-inhibiting pathways
arising from the LC. Indeed, duloxetine, a noradrenaline reuptake
inhibitor which potentiates noradrenergic neurotransmission,
enhances conditioned pain modulation [Yarnitsky et al., 2012
(noxious cold)], whereas dexmedetomidine, an α2-adrenoceptor
agonist which reduces LC activity, inhibits it [Baba et al., 2012
(electric tooth pulp stimulation)]. Conditioned pain modulation
is a form of sensory gating, and it may be analogous to “prepulse
inhibition,” when a weak stimulus applied within a time window
attenuates the effect of a strong stimulus (Perlstein et al., 2001).
Indeed, it has been reported that pain sensation evoked by elec-
tric shocks is subject to modulation by “prepulses” (Blumenthal
et al., 2001). It is an intriguing possibility that the analgesic effect
of prepulses, like that of conditioned pain modulation, may be
related to the activation of the LC.
ACOUSTIC STARTLE REFLEX
The acoustic startle reflex is the contraction of a large body
of skeletal and facial muscles in response to a sudden loud
auditory stimulus. The reflex pathway is simple, involving only
four synapses (Figure 1). The reflex has been extensively stud-
ied in both experimental animals and humans (Yeomans and
Frankland, 1996; Koch and Schnitzler, 1997; Koch, 1999). In
human subjects the response recorded is usually the contrac-
tion of the orbicularis oculi muscle (eye-blink response) (Braff
et al., 1978; Grillon et al., 1992; Kumari et al., 1996). The startle
response is subject to sensory gating: a weak auditory stimulus
applied within a time window prior to the index stimulus atten-
uates the response (“prepulse inhibition”) (Swerdlow et al., 1992;
Perlstein et al., 2001; Samuels et al., 2007).
As the final neurone in the reflex pathway is a motoneu-
rone, which is under noradrenergic influence (Funk et al., 2000;
Heckman et al., 2009; Noga et al., 2011), the startle reflex is liable
to be modulated by LC activity. Indeed, experimental lesioning of
the LC has been reported to result in a reduction in the amplitude
of the startle response (Adams and Geyer, 1981).
It is well documented that the LC sends excitatory projections,
operating via the stimulation of α1-adrenoceptors, to motoneu-
rones in both the brainstem and the spinal cord (Samuels and
Szabadi, 2008a). The noradrenergic projection to motoneurones
plays an important role in the maintenance of muscle tone: when
LC activity is suspended, as during rapid eye movement sleep
(Gottesmann, 2011) or attacks of cataplexy (Wu et al., 1999) total
atonia ensues (Peever, 2011).
LC neurones are under auto-regulation via inhibitory somato-
dendritic α2-adrenoceptors that dampen neuronal firing as activ-
ity increases (Huang et al., 2012). This mechanism may underlie
the observation that the LC “switches off” when very high firing
frequencies are attained in response to stimulation (Carter et al.,
2010). Furthermore, it has been reported that narcolepsy is asso-
ciated with an increase in the number of α2-adrenoceptors on LC
neurones (Fruhstorfer et al., 1989): this could lead to increased
auto-inhibition and the propensitiy of LC neurones to cease to fire
when stimulated, as seen in attacks of cataplexy (Wu et al., 1999).
Therefore, LC activity could be modified by experimental manip-
ulation of central α2-adrenoceptors, which in turn could lead to
FIGURE 1 | Central position of the locus coeruleus in relation to the
acoustic startle reflex and pupillary light reflex pathways. Red:
excitatory connections; blue: inhibitory connections. The acoustic startle
response is triggered by a sound stimulus activating auditory receptors in
the cochlea. Auditory signals are transmitted via two nuclei of auditory
processing, the ventral cochlear nucleus and ventral nucleus of the lateral
lemniscus, to a relay nucleus in the pontine reticular formation, nucleus
reticularis pontis caudalis, which projects directly to bulbar and spinal
motoneurones. The startle response consists of the sudden synchronized
contraction of a large array of facial and skeletal muscles. The locus
coeruleus has a facilitatory influence on the motor neurones via an
excitatory noradrenergic output involving the stimulation of
α1-adrenoceptors. Painful stimuli, via activation of the locus coeruleus can
enhance the acoustic startle response (“sensitization”). The reflex
response can also be enhanced by fear-conditioning via the amygdala. The
lateral nucleus of the amygdala processes the association between aversive
(painful) unconditioned (UCS) stimuli and neutral (e.g., light) conditioned
(CS) stimuli, and the arising conditioned fear signal is transmitted, via the
central nucleus of the amygdala, to the nucleus reticularis pontis caudalis,
leading to the enhancement of the reflex response (“fear-potentiation”).
The amygdala also projects to the locus coeruleus, whose activation by
conditioned fear contributes to the fear-potentiation of the acoustic startle
response. The pupillary light reflex is a parasympathetic autonomic reflex.
Light signals stimulate photoreceptors in the retina which project, via
melanopsin-containing intrinsically photosensitive retinal ganglion cells
(ipRGCs), to the pretectal nucleus, a parasympathetic premotor nucleus:
this leads to activation of the reflex pathway via the chain Edinger Westphal
nucleus (preganglionic neurones) → ciliary ganglion (postganlionic
neurones). The reflex response is the contraction of the smooth muscle
fibres of the sphincter pupillae muscle, leading to pupil constriction
(miosis). The locus coeruleus has inhibitory influence on the preganglionic
neurones via a noradrenergic projection involving α2-adrenoceptors. As the
locus coeruleus can be activated by the amygdala, it transmits conditioned
fear signals to the Edinger Westphal nucleus, leading to the attenuation of
the light reflex response by conditioned fear (“fear-inhibition”).
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changes in the acoustic startle response. Genetic manipulation of
central α2C-adrenoceptors has been reported to be associated with
changes in the acoustic startle response in mice: targeted inac-
tivation of the gene encoding the receptor (α2C-KO) leading to
enhancement, and over-expression of the receptor to attenuation
of the startle response (Sallinen et al., 1998). α2-Adrenoceptor
agonists, such as clonidine, that are known to inhibit LC activity
(Aghajanian and VanderMaelen, 1982; Abercrombie and Jacobs,
1987; Fernández-Pastor et al., 2005), attenuate the acoustic star-
tle response in both animals (Davis et al., 1979) and humans
(Kumari et al., 1996; Abduljawad et al., 1997, 2001; Samuels et al.,
2007). On the other hand, the α2-adenoceptor antagonist yohim-
bine, a drug that increases LC activity (Ivanov and Aston-Jones,
1995; Crespi, 2009), has been reported to facilitate the acoustic
startle response in humans (Morgan et al., 1993). While drugs
targeted at α2-adrenoceptors are likely to have a direct effect on
LC activity, a number of drugs may modify LC activity indi-
rectly, by modulating excitatory and inhibitory inputs to the LC.
Thus the wakefulness-promoting drug modafinil facilitates the
acoustic startle response in humans (Samuels et al., 2007), prob-
ably by potentiating the dopaminergic excitation of LC neurones
(Hou et al., 2005). Indeed, the activation of the LC by modafinil
has been demonstrated by fMRI in human subjects (Minzenberg
et al., 2008). On the other hand, diazepam has been shown to
reduce the amplitude of the acoustic startle response in both ani-
mals (Berg and Davis, 1984) and humans (Abduljawad et al.,
1997, 2001). This effect of diazepam has been attributed to a
reduction in LC activity associated with sedation (Samuels et al.,
2007; Samuels and Szabadi, 2008b). However, it should be noted
that the effect of diazepam on LC activity is likely to be indirect,
since GABA receptors in the LC have been reported to be insen-
sitive to diazepam (see section “Effect of Pain on Pupil Diameter:
Reflex Dilation,” below). As the level of arousal is closely associ-
ated with LC activity (Samuels and Szabadi, 2008b), drugs known
to facilitate the acoustic startle response, in general, are stimu-
lants, whereas drugs inhibiting it are sedatives (Samuels et al.,
2007).
The acoustic startle response has an autonomic component:
the auditory stimulus also evokes a sympathetic response, includ-
ing increases in blood pressure and heart rate (Baudrie et al., 1997;
Holand et al., 1999; Eder et al., 2009) and sweat gland activity
(Samuels et al., 2007). Interestingly, the autonomic component of
the startle reflex, like the motor component (see above), is sub-
ject to prepulse modulation (Samuels et al., 2007; Eder et al.,
2009). Although the exact connections of this “sensorysympa-
thetic reflex” are not known, it is likely that a number of premotor
sympathetic nuclei, including the ventrolateral medulla (Holand
et al., 1999), the LC and the hypothalamic paraventricluar nucleus
(Samuels et al., 2007) are involved.
EFFECT OF PAIN: SENSITIZATION
It has been reported that acutely applied noxious stimuli, such
as foot shocks in rats (Davis, 1989; Fendt et al., 1994a,b;
Krase et al., 1994) and noxious heat in humans (Grombez
et al., 1997), increase the amplitude of the acoustic startle
response (“sensitization”) (for reviews, see Koch and Schnitzler,
1997; Fendt and Fanselow, 1999; Koch, 1999). Interestingly, the
presence of chronic pain, such as functional abdominal pain in
children, can also lead to sensitization of the acoustic startle
response (Bakker et al., 2010). The degree of sensitization seems
to be related to the intensity of the noxious stimulus, such as elec-
tric shock: stronger stimuli evoke more severe pain accompanied
by larger increases in the amplitude of the startle response (Duker
et al., 2004).
The phenomenon of sensitization is consistent with the
enhancement of LC activity evoked by the noxious stimulus,
which in turn would lead to increased motoneurone response at
the final step in the acoustic startle response pathway (see above,
and Figure 1). This mechanism may provide the physiological
basis for the proposal of Davis (1989) that sensitization was a
simple “unlearned” or “unconditioned” response. However, this
view has been challenged (Richardson, 2000): since pain evoked
by a noxious stimulus is fear-inducing, sensitization may not
be fundamentally different from fear-potentiation (see, section
“Effect of Conditioned Fear: Fear-Potentiation,” below). Indeed,
there is evidence that the effect of pain on the acoustic startle
response may be susceptible to contextual factors, suggesting a
conditioning mechanism (Richardson and Elsayed, 1998). This
may explain, that in some situations sensitization could not be
observed [Horn et al., 2012a,b (noxious heat in humans)], or that
the noxious stimulus inhibited, rather than potentiated, the star-
tle response [Sorenson and Swerdlow, 1982 (tail pinch in rats);
Tavernor et al., 2000 (noxious cold in humans)].
The overlap between the mechanisms underlying sensitization
and fear-potentiation is further strengthened by the observation
that the amygdala, a structure essential for fear-conditioning (see
below, and Figure 1), is also involved in sensitization (Hitchcock
et al., 1989; Fendt et al., 1994b; Krase et al., 1994). The involve-
ment of the LC in sensitization is rather complex. Pain may
activate the LC both directly (see above) and indirectly via the
amygdala, which in turn projects to the LC (Figure 1) (Samuels
and Szabadi, 2008a; Reyes et al., 2011); LC activation would
lead to the potentiation of motoneurone activity, resulting in the
enhancement of the startle response. There is also a reciprocal
connection between the LC and the amygdala: the LC does not
only receive an input from the amygdala, but it also projects
to it (Samuels and Szabadi, 2008a). The reciprocal connection
between the LC and the amygdala provides the basis for a posi-
tive feed-back mechanism: by projecting to the amygdala, the LC
can enhance its own activation by this structure. Indeed, it has
been shown that noradrenaline release in the amygdala is involved
in the sensitization of the acoustic startle response (Fendt et al.,
1994b). Finally, LC activation by pain may increase the sensitivity
of the startle reflex to auditory stimuli via an excitatory LC pro-
jection to cochlear nuclei (Kromer and Moore, 1976; Ebert, 1996;
Gómez-Nieto et al., 2008), resulting in enhancement of the reflex
response.
EFFECT OF CONDITIONED FEAR: FEAR-POTENTIATION
Fear-conditioning is based on associative learning (“Pavlovian
conditioning”): pairing of a noxious (“unconditioned”) stimu-
lus (US) with a neutral (“conditioned”) stimulus (CS), results in
the development of the ability of the CS to evoke the response
to the US (see e.g., Fendt and Fanselow, 1999). There is a large
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body of evidence that the acoustic startle response is subject to
modulation not only by pain (see section “Modulation of Pain
by the LC”, above), but also by conditioned fear arising from
the prior pairing of a painful stimulus with a neutral stimulus
(e.g., light). Conditioned fear leads to the enhancement of the
acoustic startle response (“fear-potentiation”) (Davis, 1992; Davis
et al., 1993; Koch and Schnitzler, 1997; Fendt and Fanselow, 1999;
Koch, 1999). Fear-potentiation of the acoustic startle reflex has
been studied extensively in both animals (Davis et al., 1993; Koch,
1999) and humans (Grillon et al., 1991; Bitsios et al., 1999a,b;
Scaife et al., 2005; Hubbard et al., 2011). The unconditioned stim-
ulus used in these experiments is usually electric shock: foot shock
in animals and shock to the volar surface of the wrist in humans. It
has been shown that the brain structure processing the association
between US and CS is the lateral nucleus of the amygdala, which
is connected to the central nucleus of the amygdala, the structure
projecting to the caudal pontine reticular nucleus, a major relay
nucleus in the acoustic startle reflex pathway (Figure 1) (Davis,
1992; Davis et al., 1993). The activity of neurones in the amyg-
dala is susceptible to modulation by conditioned fear, as shown
by increases in their firing rate [Pascoe and Kapp, 1985 (electric
shock)] and in the expression of Fos in this structure (Davis et al.,
1993). As discussed above (see “Modulation of Pain by the LC”),
the central nucleus of the amygdala also projects to the LC, which
in turn influences the activity of the motor neurone pool, the final
step in the reflex pathway. There is evidence that the activity of the
LC, like that of the amygdala, is subject to modulation by fear con-
ditioning: neutral stimuli, previously associated with painful ones
(i.e., electric shocks), increase LC activity, as shown by increases
both in neuronal firing rate (Rasmussen and Jacobs, 1986) and
Fos expression (Pezzone et al., 1993; Ishida et al., 2002; Liu et al.,
2003).
A number of drugs can modify the fear-potentiated startle
response (Davis, 1992; Davis et al., 1993; Fendt and Fanselow,
1999). It is likely that different drugs may act at specific sites
within the reflex pathway. It is well documented that benzodi-
azepines attenuate or even block the response, both in animals
(Davis, 1979; Berg and Davis, 1984; Hijzen and Slangen, 1989;
Davis et al., 1993) and humans (Patrick et al., 1996; Bitsios
et al., 1999a; Graham et al., 2005; Scaife et al., 2005). Although
these drugs may act at a number of sites in the brain, it is
likely that an action at the level of the amygdala is relevant.
It has been reported that diazepam can selectively block the
acquisition but not the expression of fear potentiation (Scaife
et al., 2005, 2007), suggesting interference with the process-
ing of the association between US and CS, which is known to
be localised in the amygdala (Davis, 1992; Davis et al., 1993).
The α2-adrenoceptor agonist clonidine is also a potent inhibitor
of the fear-potentiated startle response (Davis et al., 1979). As
a major action of clonidine is the inhibition of LC activity
(Aghajanian and VanderMaelen, 1982; Abercrombie and Jacobs,
1987; Fernández-Pastor et al., 2005), the inhibition of the fear-
potentiated startle by this drug corroborates the evidence about
the involvement of the LC in fear-potentiation. Interestingly, the
α2-adrenoceptor antagonist yohimbine, a drug known to stimu-
late the LC (Ivanov and Aston-Jones, 1995, Crespi, 2009), has the
opposite effect: it facilitates fear-potentiation (Davis et al., 1979).
PUPILLARY LIGHT REFLEX
The pupil is an aperture in a diaphragm, the iris, whose function
is to control the amount of light reaching the retina. The iris con-
tains two smooth muscles, the sphincter (or constrictor) pupil-
lae, and the dilator pupillae. The two muscles receive opposing
parasympathetic and sympathetic innervations, and thus pupil
diameter at any time reflects the intricate balance between the two
output systems (Samuels and Szabadi, 2008a,b). The pupillary
light reflex, an autonomic reflex, consists of the constriction of the
pupil in response to a light stimulus. The reflex pathway is shown
in Figure 2. Three photoreceptors are involved: rods and cones
that project to a subgroup of retinal ganglion cells (“intrinsically
photosensitive ganglion cells, ipRGCs”) containing the photopig-
ment melanopsin. The ipRGCs constitute the third photoreceptor
(Kawasaki and Kardon, 2007). The ipRGCs mediate not only
the pupillary light reflex, but also all other “non-image-forming”
(NIF) visual functions, such as the regulation of circadian
rhythms, sleep/arousal and autonomic/endocrine activity. The
ipRGCs give rise to two pathways: one to the olivary pretectal
FIGURE 2 | Neuronalnetworkmediating theeffectof lightonpupil
diameter.Red:excitatoryconnections, blue: inhibitory connections.
Hypothalamicnuclei:SCN,suprachiasmaticnucleus; PVN,paraventricular
nucleus;DMH,dorsomedial hypothalamus; autonomicpremotornuclei:
OPN,olivarypretectal nucleus;LC, locus coeruleus; parasympathetic
nucleus/ganglion:EW,EdingerWestphalnucleus;GC, ganglionciliare;
sympatheticnucleus/ganglion: IML, intermedio-lateral columnof spinal cord;
SCG,superiorcervical ganglion.Neurotransmitters:Glu, glutamate;GABA,
γ-amino-butyricacid;VP,vasopressin;Ox, orexin;ACh, acetylcholine;NA,
noradrenaline.Adrenoceptors:α1 ,excitatoryandα2 , inhibitory.Pupil diameter
reflects the relationshipbetweentwoopposingsmoothmuscles, thedilator
pupillae, innervatedby thesympathetic, andsphincter (constrictor)pupillae
(innervatedby theparasympathetic). The locuscoeruleus functions asbotha
sympatheticandaparasympathetic premotornucleus: it stimulates
preganglionicsympathetic neurones in the IMLand inhibitspreganglionic
parasympatheticneurones in theEW.Thepupillary light reflex isa
parasympathetic reflex: lightsignals fromtheretinastimulate thechainOPN→
EW→GC, leading topupil constriction. Light alsohasan indirecteffect on
sympatheticactivityviatheSCN:sympatheticactivityisinhibitedviaaninhibitory
output to thePVN.Light-evokedsympatho-inhibition, however, is likely tobe
attenuatedbysympatho-excitationmediatiedvia theSCN→DMH→LCroute.
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nucleus (OPN), a preomotor nucleus in the parasympathetic light
reflex pathway, and another one (retino-hypothalamic tract) to
two hypothalamic nuclei, the suprachiasmatic nucleus (SCN) and
the ventrolateral preoptic nucleus (VLPO) (Figures 2 and 3) (Lu
et al., 1999; Gooley et al., 2003; Güler et al., 2008). The SCN is
responsible for the generation of circadian rhythms and modula-
tion of autonomic and endocrine functions (Kalsbeek et al., 2000,
2006; van Esseveldt et al., 2000), whereas the VLPO is a major
sleep-promoting nucleus (Lu et al., 1999; Samuels and Szabadi,
2008b).
The pupillary light reflex is a parasympathetic reflex: the OPN
projects to the preganglionic parasympathetic cholinergic neu-
rones located in the Edinger-Westphal nucleus (EWN) of the
midbrain; the EWN innervates the postganglionic cholinergic
neurones in the ciliary ganglion; the postganglionic neurones
innervate the constrictor pupillae muscle.
The sympathetic innervation of the iris does not directly par-
ticipate in the light reflex: its main function is the adjustment of
pupil diameter to the level of background illumination. The sym-
pathetic preganglionic neurones are located in the intermedio-
lateral column of the cervico-thoracic spinal cord, and project to
the noradrenergic postganglionic neurones in the superior cer-
vical ganglion, which innervate the dilator pupillae muscle. A
number of premotor nuclei modulate the activity of the pregan-
glionic sympathetic neurones, of which the PVN of the hypotha-
lamus and the LC are the most important (Figure 2) (Samuels
and Szabadi, 2008a).
MODULATION OF THE PUPILLARY LIGHT REFLEX BY THE LC
The LC plays a dual role in pupillary control: it contributes to
sympathetic outflow via an excitatory projection to preganglionic
sympathetic neurones, and it also modulates the parasympa-
thetic output to the iris via an inhibitory connection to the
EWN. The close relationship between LC activity and pupil-
lary function is illustrated by the observation that fluctuations
in the firing rate of LC neurones are closely paralleled by fluc-
tuations in the diameter of the pupil (Aston-Jones and Cohen,
2005).
Via its projection to the EWN, the LC inhibits the pupil-
lary light reflex. It has been shown that anxiety, an emotional
state known to be associated with LC activation (Millan, 2003),
leads to attenuation of the pupillary light reflex response (Bakes
et al., 1990). Similarly, drugs that are likely to increase nora-
drenergic output to the EWN (e.g., noradrenaline re-uptake
inhibitors), decrease the amplitude of the light reflex response
(Theofilopoulos et al., 1995; Bitsios et al., 1999b; Szabadi and
Bradshaw, 2000). On the other hand, the α2-adrenoceptor ago-
nist clonidine, a drug “switching off” LC activity by stimulat-
ing inhibitory autoreceptors on LC neurones (Aghajanian and
VanderMaelen, 1982; Abercrombie and Jacobs, 1987; Fernández-
Pastor et al., 2005), causes pupil constriction (miosis), due
partly to the inhibition of sympathetic outflow and partly
to the removal of the noradrenergic inhibition of the EWN
(Samuels and Szabadi, 2008b). However, it should be noted
that the effect of clonidine depends on the species studied:
while in diurnal animals (man, dog, and rabbit) clonidine
causes miosis, in nocturnal animals (cat, rat, and mouse) it
causes pupil dilation (mydriasis). This latter effect is likely to
reflect the activation of postsynaptic inhibitory α2-adrenoceptors
on EWN neurones in preference to the stimulation of presy-
naptic autoreceptors on LC neurones (Samuels and Szabadi,
2008b).
MODULATION OF LC ACTIVITY BY LIGHT
Interestingly, light does not only evoke the light reflex, but also
influences the sympathetic output to the iris. Light, by inhibit-
ing the PVN, a major sympathetic premotor nucleus, via the
SCN, exerts an inhibitory effect on the activity of preganglionic
sympathetic neurones in the IML of the upper thoracic (T1-
T3) spinal cord, synapsing in the superior cervical ganglion
(Kalsbeek et al., 2000; Perreau-Lenz et al., 2003): this effect leads
to pupil constriction (Passatore, 1976; Passatore and Pettorossi,
1976; Szabadi et al., 2010) and inhibition of melatonin synthe-
sis (Nishino et al., 1976; Kalsbeek et al., 1999; Zeitzer et al.,
2000). However, light may also have a stimulatory effect on
sympathetic activity, by stimulating the LC via the SCN and
the dorso-medial hypothalamus (DMH) (Figure 3) (Aston-Jones
FIGURE 3 | Neuronal network mediating the dual effect of light on
arousal. Nuclei: yellow: wakefulness-promoting, purple: sleep-promoting.
Connections: red: excitatory, blue: inhibitory. Hypothalamic nuclei: SCN,
suprachiasmatic nucleus; DMH, dorso-medial hypothalamus; LH, lateral
hypothalamic area; VLPO, ventrolateral preoptic nucleus; TMN,
tuberomamillary nucleus; brainstem nucleus: LC, locus coeruleus.
Neurotransmiters: Glu, glutamate; Ox, orexin; NA, noradenaline; H,
histamine. Light reaching the retina has a sleep-promoting effect via the
excitatory output of melanopsin-containing intrinsically photosensitive
retinal ganglion cells (ipRGCs) to the VLPO, the major sleep-promoting
nucleus. GABAergic inhibitory neurones in the VLPO project to the cerebral
cortex, and two major wakefulness-promoting nuclei, the TMN and LC.
Light also evokes a wakefulness-promoting effect via the SCN which can
stimulate orexinergic and glutamatergic neurones in the DMH that project
to two wakefulness-promoting nuclei, the LC and LH. There is a reciprocal
inhibitory connection between the LC and the VLPO: GABAergic neurones
in the VLPO inhibit the LC, and noradrenergic neurones in the LC inhibit the
VLPO via the stimulation of α2-adrenoceptors. The LC also stimulates the
cortex and the TMN via excitatory outputs involving α1-adrenoceptors. The
orexinergic neurones of the LH send excitatory outputs to the LC and the
cerebral cortex. The overall effect of light on arousal depends on the
relationship between the two light-sensitive arousal systems. In nocturnal
animals light is sleep-promoting due to the predominant effect of the
activation of the VLPO by light. In diurnal animals, on the other hand, the
sleep-promoting effect of VLPO activation by light, is likely to be
superseded by the wakefulness-promoting influence of the activation of the
LC and LH via the SCN → DMH → LC/LH route.
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et al., 2001; Aston-Jones, 2005; Gonzalez and Aston-Jones, 2006).
Indeed, it has been shown by fMRI in humans that short wave-
length (blue) light, that preferentially stimulates the melanopsin-
containing photoreceptors of ipRGCs (Kawasaki and Kardon,
2007), causes activation in a brain stem area corresponding to
the LC (Vandewalle et al., 2007). Interestingly, the overall effect
of light on sympathetic activity is inhibitory at the upper tho-
racic (T1–T3) levels of the spinal cord, whereas it is stimulatory
at the levels of lower thoracic segments, leading to stimulation
of cardiovascular activity (Michimori et al., 1997; Scheer et al.,
1999; Cajochen et al., 2005), and corticosterone secretion from
the adrenals (Niijima et al., 1992; Ishida et al., 2005; Hatanaka
et al., 2008). The effect of light on cardiovascular activity seems to
be species-dependent: while it is stimulatory in diurnal animals,
it is inhibitory in nocturnal animals (Scheer et al., 2001), con-
sistent with the close association of cardiovascular activity with
the level of arousal (see below). The spinal-segment-related effect
of light on sympathetic outflow, which conforms to the principle
of sympathetic organization according to “tissue-specific sympa-
thetic output pathways” (Morrison, 2001), has been attributed to
the operation of region-specific specialization in the SCN (Scheer
et al., 2003).
The modulation of LC activity by light is likely to be dif-
ferent between nocturnal and diurnal animals, as highlighted
by the effect of light on arousal: in nocturnal animals, light
is sleep-promoting (Altimus et al., 2008; Tsai et al., 2009),
whereas in diurnal animals, including man, is wakefulness-
promoting (Cajochen et al., 2005; Lockley et al., 2006; Revell
et al., 2006). In both nocturnal and diurnal animals light
has a dual effect: promoting sleep via the activation of the
VLPO, and wakefulness via the activation of the SCN-MDH-LC
circuit (Figure 3), the overall effect depending on the relation-
ship between the two opposite influences. Therefore in diur-
nal animals the wakefulness-promoting effect of the activation
of the SCN-MDH-LC circuit is likely to supersede the sleep-
promoting effect arising from the activation of the VLPO. It
is an intriguing possibility that the greater sensitivity of presy-
naptic α2-adrenoceptors on LC neurones to clonidine, com-
pared to postsynaptic receptors, in diurnal animals (see section
“Modulation of the Pupillary Light Reflex by the LC,” above), may
be related to the more pronounced activation of the LC by light
in these species.
The activation of the LC by light may have implications
for the processing and modulation of pain signals. It has been
reported that diurnal animals, including man, are less sensi-
tive to pain during day time (Rigas et al., 1990; Göbel and
Cordes, 2005) whereas the opposite seems to be the case in
nocturnal animals (Kavaliers and Hirst, 1983; Kavaliers et al.,
1984; Yoshida et al., 2003). The time-of-day-related variations
in pain sensitivity have been attributed to circadian variations
in endorphin synthesis (Kavaliers and Hirst, 1983; Rasmussen
and Farr, 2003). However, they may also reflect diurnal vari-
ations in LC activity: in diurnal animals the LC is maximally
active during day time, and LC activity is known to be associ-
ated with an analgesic effect (see section “Processing of Pain by
the LC,” above). Furthermore, it has been reported that expo-
sure to bright sunlight reduces post-operative pain in surgical
patients (Walch et al., 2005), consistent with enhanced LC
activity.
EFFECT OF PAIN ON PUPIL DIAMETER: REFLEX DILATION
“Any sensory stimulus (with the exception of light) can elicit
pupillary dilation” (Loewenfeld, 1993), and noxious stimuli are
no exception. It is well documented that painful stimuli dilate
the pupil in both animals and humans. In animals, the nox-
ious stimulus used was electric stimulation of the sciatic nerve
(Koss et al., 1984; Hey et al., 1985; Koss, 1986; Hey and Koss,
1988; Yu and Koss, 2003, 2004), and in humans either noxious
cold (“cold pressor test”) (Tassorelli et al., 1995; Tavernor et al.,
2000; Hou et al., 2007) or electric shock (Chapman et al., 1999;
Larson and Talke, 2001; Yang et al., 2003; Walter et al., 2005;
Oka et al., 2007). As noxious stimulation activates the LC (see
section “Processing of Pain by the LC,” above), and the LC is inti-
mately involved in pupillary control (see section “Modulation of
the Pupillary Light Reflex by the LC” and Figure 2), it is likely that
reflex dilation of the pupil (mydriasis) evoked by painful stimuli is
mediated by the LC. Indeed, it has been reported that reflex pupil
dilation to noxious stimuli is abolished following central nora-
drenaline depletion by reserpine or alpha-methyl-para-tyrosine
(Koss et al., 1984). An increase in LC activity can lead to pupil
dilation in two ways: by increasing sympathetic outflow to the iris,
via an excitatory output to sympathetic preganglionic neurones
in the spinal cord, and by inhibiting parasympathetic output,
via an inhibitory connection to parasympathetic preganglionic
neurones in the EWN.
There is direct evidence that painful stimulation increases
impulse flow in sympathetic fibres innervating the iris [Passatore,
1976 (pinch, corneal touch)]. The importance of sympathetic
activation in reflex pupil dilation to painful stimuli has been
demonstrated in humans. Firstly, the cold pressor test (plung-
ing one hand into ice cold water), which constitutes an intense
painful stimulus (Yarnitsky and Ochoa, 1990) and is a pow-
erful sympathetic activator (Seals, 1990), evokes pupil dilation
(Tassorelli et al., 1995; Tavernor et al., 2000; Hou et al., 2007).
Secondly, reflex dilation of the pupil can be antagonized by
topical application of α1-adrenoceptor antagonists (e.g., thymox-
amine: Tassorelli et al., 1995; dapiprazole: Yang et al., 2003; Hou
et al., 2007) to the cornea: these drugs would block the effect
of noradrenaline released by sympathetic stimulation. Thirdly,
the α2-adrenoceptor agonist dexmedetomidine has been reported
to reduce reflex dilation of the pupil (Larson and Talke, 2001),
consistent with a central sympatholytic effect resulting from the
inhibition of the LC by dexmedetomidine (Chiu et al., 1995).
As benzodiazepines have been reported to inhibit sympathetic
activity (Marty et al., 1986; Ikeda et al., 1994; Kitajima et al.,
2004), it would be expected that these drugs, like α2-adrenoceptor
agonists, would antagonize reflex dilation of the pupil. However,
in a study examining the effect of diazepam on pupillary and
cardiovascular functions, diazepam failed to attenuate reflex dila-
tion of the pupil, while it antagonized the increase in systolic
blood pressure, evoked by the cold pressor test (Hou et al.,
2007). Interestingly, a similar dissociation between the effects of
diazepam on pupil dilation and increase in blood pressure evoked
by central sympathetic stimulation has been reported in cats:
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pupil dilation remained unaffected while the blood pressure rise
was antagonized (Sigg and Sigg, 1969). These observations sug-
gest that different sections of the sympathetic nervous system,
one diazepam-insensitive and another one diazepam-sensitive,
may be responsible for mediating pupillary and cardiovascular
responses (Sigg et al., 1971). The diazepam-insensitive system,
responsible for pupillary control, is likely to involve the LC, since
LC neurones, although they contain GABAA receptors (Kaur
et al., 1997; Chen et al., 1999), have been reported to be insen-
sitive to diazepam (Chen et al., 1999). On the other hand, a likely
candidate for the diazepam-sensitive system is the one originating
in the PVN. The role of the PVN in cardiovascular control is well
established (Coote, 2005; Li and Pan, 2007; Womack et al., 2007;
Nunn et al., 2011), and it has been shown that sympathetic pre-
motor neurones in the PVN are inhibited by diazepam (Zahner
et al., 2007).
While noxious stimulation in humans results in the activation
of the sympathetic outflow to the iris, there is no evidence of any
alteration in the parasympathetic output to the iris. Indeed, it has
been reported that the pupillary light reflex response, a sensitive
index of LC activity (see section “Effect of Pain: Sensitization,”
above), remains unaffected by noxious stimulation (Tavernor
et al., 2000; Hou et al., 2007). Therefore, pupillary reflex dilation
in humans seems to be a pure sympathetic response. Interestingly,
the same pattern seems to apply to rabbits, in whom no parasym-
pathetic contribution to pupillary reflex dilation could be demon-
strated, and thus the response appears to be mediated entirely by
the sympathetic (Yu and Koss, 2003, 2004).
On the other hand, a different pattern has been reported in
cats and rats (Koss et al., 1984; Hey et al., 1985; Koss, 1986; Hey
and Koss, 1988). In these species, pupil dilation evoked by nox-
ious stimulation is preserved after cutting the sympathetic nerve
innervating the dilator muscle of the iris; the α2-adrenoceptor
agonist clonidine, like noxious stimulation, dilates the pupil; the
α2-antagonist yohimbine antagonizes the pupil dilatory effects of
both clonidine and noxious stimulation. On the basis of these
observations, Koss and his colleagues concluded that reflex dila-
tion of the pupil was mediated by noradrenergic inhibition of the
preganglionic parasympathetic neurones in the EWN, with little
contribution by the sympathetic (Koss, 1986).
The apparent species difference in the mediation of reflex
dilation of the pupil evoked by noxious stimuli is consistent
with the suggestion that separate populations of LC neurones
may function as sympathetic and parasympathetic premotor neu-
rones (Samuels and Szabadi, 2008a). Thus in diurnal animals
(rabbit, man) painful stimuli my activate predominantly the sym-
pathetic premotor neurones in the LC, whereas in nocturnal
animals (rat, cat) they may activate predominantly the parasym-
pathetic premotor neurones. This species difference in the effect
of painful stimuli on the LC is paralleled by species differ-
ences in the effect of light on arousal (wakefulness-promoting in
diurnal animals, sleep-promoting in nocturnal animals) and car-
diovascular activity (stimulatory in diurnal animals, inhibitory
in nocturnal animals), and is also reflected in the site of action
of α2-adrenoceptor agonists on central noradrenergic neurones
(predominantly presynaptic in diurnal animals, predominantly
postsynaptic in nocturnal animals) (see sections “Modulation of
the Pupillary Light Reflex by the LC” and “Modulation of LC
Activity by Light,” above).
EFFECT OF CONDITIONED FEAR ON LIGHT REFLEX: FEAR INHIBITION
As conditioned fear potentiates the acoustic startle reflex, and the
activation of the LC is likely to contribute to this effect (see section
“Effect of Conditioned Fear: Fear-Potentiation,” above), it could
be predicted that conditioned fear may also affect the pupillary
light reflex which is under inhibitory noradrenergic control from
the LC (see section “Modulation of the Pupillary Light Reflex by
the LC,” above). This prediction seemed to be supported by the
observation that patients suffering from general anxiety disorder
had attenuated light reflex responses, with relatively little change
in resting pupil diameter, compared to healthy controls (Bakes
et al., 1990). The reduction in the amplitude of the light reflex
response in the anxious patients could be interpreted as the con-
sequence of enhanced LC activity associated with anxiety (Millan,
2003).
Using a protocol identical to that which had been applied in a
study of the effect of conditioned fear on the acoustic startle reflex
in human volunteers, using electric shock as the conditioned
stimulus (Grillon et al., 1991), it was shown that conditioned
fear caused an increase in pupil diameter and a reduction in the
amplitude of the light reflex response, associated with increases
in subjective ratings of alertness and anxiety (Bitsios et al., 1996).
In a subsequent experiment, the effect of conditioned fear on the
two reflexes was compared within the same subjects and sessions.
Conditioned fear had opposite effects on the two reflexes: the
acoustic startle reflex was potentiated, while the pupillary light
reflex was inhibited (Bitsios et al., 1999a). Figure 1 illustrates the
position of the LC in modulating both the acoustic startle reflex
and the pupillary light reflex. In the case of both reflexes, the
amygdala, the structure processing the association between US
(e.g., pain) and CS (e.g., light) plays a central role: activation
of the amygdala leads to the activation of the LC. LC activa-
tion, however, has opposite effects on the two reflexes: while it
has a facilitatory effect on the acoustic startle reflex by enhancing
the noradrenergic excitation of motoneurones via the stimulation
of α1-adrenoceptors, it has an inhibitory effect on the pupillary
light reflex by enhancing the noradrenergic inhibition of pregan-
glionic parasympathetic neurones in the EWN via the stimulation
of α2-adrenoceptors.
Like in the case of the fear-potentiation of the acoustic star-
tle reflex (Grillon et al., 1991; Davis et al., 1993), anxiety plays
an important role in the inhibition of the pupillary light reflex
by conditioned fear. The anticipation of an aversive stimulus (i.e.,
pain-induced by an electric shock), leading to the inhibition of
the light reflex, has been reported to be associated with increases
in subjective ratings of anxiety (Bitsios et al., 1996, 1999a,b, 2004).
Furthermore, the size of the effect of conditioned fear on the
pupillary light reflex has been reported to be related to the pre-
existing level of anxiety, subjects with higher levels of “state”
anxiety showing larger effects (Bitsios et al., 2002).
Drugs that are known to have effects on the fear-potentiated
acoustic startle reflex (see section “Effect of Conditioned Fear:
Fear-Potentiation”, above), also modify the fear-inhibited light
reflex. It has been reported that both clonidine (Bitsios et al.,
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1998a) and diazepam (Bitsios et al., 1998b, 1999a) can antago-
nize the effect of conditioned fear on the pupillary light reflex. As
discussed in relation to the fear-potentiated startle reflex, cloni-
dine may act directly on the LC, whereas the most likely site of
action of diazepam is the amygdala.
Conditioned fear has a dual effect on the pupil: it causes a
small increase in pupil diameter together with the inhibition of
the light reflex response (Bitsios et al., 1996, 1999a,b, 2004). There
are indications that the two effects may be mediated by separate
mechanisms: the increase in pupil diameter can be evoked by the
anticipation of a neutral (e.g., acoustic) stimulus, and is accompa-
nied by an increase in the level of alertness, whereas the inhibition
of the light reflex can be evoked by the anticipation of an aversive
stimulus, and is accompanied by an increase in anxiety (Bitsios
et al., 2004). These observations suggest that the effect of condi-
tioned fear on pupil diameter may involve mainly the activation
of sympathetic premotor neurones in the LC, that are also closely
associated with the modulation of arousal. On the other hand, the
effect of conditioned fear on the light reflex may mainly be due to
the activation of parasympathetic premotor neurones in the LC,
which may be closely associated with anxiety. This hypothesis is
supported by the observation that the α1-adrenoceptor antago-
nist dapiprazole, which can block the effect of the sympathetic on
the iris when applied topically to the cornea (Yang et al., 2003;
Hou et al., 2007), has been reported to inhibit the effect of con-
ditioned fear on pupil diameter without affecting its effect on the
light reflex response (Giakoumaki et al., 2005).
CONCLUSIONS AND CLINICAL IMPLICATIONS
The two physiological reflexes, acoustic startle reflex and pupil-
lary light reflex, considered in this review, are both sensitive to
pain. The acoustic startle reflex, a somatic reflex, is enhanced by
painful stimulation, whereas the pupillary light reflex, an auto-
nomic reflex, is inhibited by it. Although the two reflexes have
very different mechanisms and underlying neuronal circuitries,
they are both under modulation by the LC, which itself is sen-
sitive to noxious stimulation, and via its widespread projections
influences many somatic (e.g., muscle tone) and autonomic (e.g.,
pupillary activity) functions.
Directly applied painful stimuli enhance the acoustic star-
tle response (“sensitization”) by augmenting the facilitation of
motoneurone activity by the LC. Noxious stimulation leads to
pupil dilation (“reflex dilation”), which seems to be mediated by
different mechanisms in diurnal and nocturnal animals. In diur-
nal animals, reflex dilation is likely to be due to the activation of
sympathetic premotor neurones in the LC, whereas in nocturnal
animals, it seems to be caused by the inhibition of parasympa-
thetic premotor neurones in the LC. Directly applied pain has no
effect on the pupillary light reflex in man (it has not been studied
in animals).
Painful stimuli applied indirectly via fear-conditioning, when
a neutral stimulus alone can evoke a state of anticipatory
fear/anxiety following its prior association with an aversive
(painful) stimulus, also enhance the acoustic startle reflex (“fear-
potentiated startle”), but they inhibit the pupillary light reflex
(“fear-inhibited light reflex”). Fear-conditioning is mediated by
the amygdala which has an excitatory influence on the LC.
LC activation by the amygdala enhances the noradrenergic
facilitation of motoneurone activity, leading to augmentation of
the potentiation of the acoustic startle reflex, arising from the
stimulation of the pontine relay nucleus in the reflex pathway.
LC activation by the amygdala leads to the attenuation of the
pupillary light reflex due to enhancement of the noradrener-
gic inhibition of the preganglionic parasympathetic neurones in
the light reflex pathway. Interestingly, there seems to be some
selectivity in the action of pain applied directly or indirectly, via
fear conditioning, on premotor autonomic neurones in the LC:
while directly applied pain stimulates the sympathetic premotor
neurones, leading to pupil dilation, in diurnal animals, fear-
conditioning stimulates the parasympathetic premotor neurones,
leading to attenuation of the light reflex response.
There are some clinical conditions, usually involving pain,
fear/anxiety and/or stress, that may be associated with abnor-
malities of the two reflexes. Furthermore, it is likely that these
abnormalities reflect altered LC activity. Post-traumatic stress dis-
order (PTSD) is “a chronic, debilitating psychiatric disorder that
can follow exposure to extreme stressful experiences” (Stam,
2007). Cardinal features of the syndrome include hyperarousal,
increased startle responses, re-experiencing the traumatic event
(“flashbacks”), avoidance behavior (Marshall and Garakani, 2002;
Stam, 2007). Apart from the reports by patients of an increased
tendency to startle, there is also laboratory evidence of sensi-
tization of the startle reflex in PTSD (Butler et al., 1990; Orr
et al., 1995; Morgan et al., 1996). However, it should be noted
that exaggerated startle responses have not been reported in every
study in which PTSD patients were compared with healthy con-
trols (Grillon et al., 1996; Siegelaar et al., 2006). In addition to
the enhancement of the muscular startle response, as recorded
by EMG, there is also evidence of increased autonomic star-
tle reactivity, as measured by heart rate and skin conductance
responses, in PTSD (Orr et al., 1995; Shalev et al., 2000; Orr et al.,
2003; Elsesser et al., 2004; Siegelaar et al., 2006). Interestingly,
the startle reactivity of PTSD patients has been shown to decline
as symptoms subside in the course of therapy (Griffin et al.,
2012). The augmented startle reactivity in PTSD patients may
be related to increased LC activity. It is generally recognized that
stress leads to the activation of the LC (Palkovits et al., 1995;
Pacák and Palkovits, 2001; Valentino and Van Bockstaele, 2008).
Furthermore, the clinical presentation of patients with PTSD is
often complicated by pain and/or fear/anxiety, variables known
to lead to the activation of the LC (see sections “Modulation
of Pain by the LC,” “Effect of Pain: Sensitization,” and “Effect
of conditioned fear: fear-potentiation,” above). Finally, there is
evidence of enhanced noradrenergic activity in patients suffer-
ing from PTSD (Southwick et al., 1993; Jacobsen et al., 2001).
Chronic pain has also been reported to be associated with exagger-
ated startle responses (Carleton et al., 2006; Bakker et al., 2010).
Again, this observation may be related to enhanced LC activity,
since pain is known to lead to the activation of the LC (see sec-
tion “Modulation of Pain by the LC,” above). Furthermore, the
indirect activation of the LC by pain, via the generation of fear
and anxiety through the amygdala (see sections “Effect of Pain:
Sensitization” and “Effect of conditioned fear: fear-potentiation,”
above), may also play a role in the enhancement of the startle
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response in chronic pain conditions. Finally, anxiety states have
been reported to lead to alterations of the two physiological
reflexes. Both enhanced startle reflexes (Bakker et al., 2009; Reeb-
Sutherland et al., 2009) and diminished pupillary light reflexes
(Bakes et al., 1990) have been described in patients suffering
from anxiety disorders. These observations are consistent with
increased LC activity: the activation of the LC by anxiety is well
documented (for reviews, see Millan, 2003; Samuels and Szabadi,
2008b).
In conclusion, the enhancement of the startle response in
PTSD, chronic pain conditions and anxiety states, and the atten-
uation of the pupillary light reflex response in anxiety disorder,
can be interpreted on the basis of the involvement of the LC in
the neuronal circuits controlling these two reflexes.
REFERENCES
Abduljawad, K. A., Langley, R. W.,
Bradshaw, C. M., and Szabadi, E.
(1997). Effects of clonidine and
diazepam on the acoustic star-
tle response and on its inhibi-
tion by ‘prepulses’ in man. J.
Psychopharmacol. 11, 29–34.
Abduljawad, K. A., Langley, R. W.,
Bradshaw, C. M., and Szabadi, E.
(2001). Effects of clonidine and
diazepam on prepulse inhibition of
the acoustic startle response and
the N1/P2 auditory evoked poten-
tial in man. J. Psychopharmacol. 15,
237–242.
Abercrombie, E. D., and Jacobs, B.
L. (1987). Microinjected clonidine
inhibits noradrenergic neurons in
freely moving cats. Neurosci. Lett.
76, 203–208.
Adams, L. M., and Geyer, M. A. (1981).
Effects of 6-hydroxydopamine
lesions of locus coeruleus on startle
in rats. Psychopharmacol. (Berl.) 73,
394–398.
Aghajanian, G. K., and VanderMaelen,
C. P. (1982). Alpha 2-adrenoceptor-
mediated hyerpolarization of locus
coeruleus neurons: intracellu-
lar studies in vivo. Science 215,
1394–1396.
Altimus, C. M., Güler, A. D., Villa, K.
L., McNeill, D. S., LeGates, T. A.,
and Hattar, S. (2008). Rods-cones
and melanopsin detect light and
dark to modulated sleep indepen-
dent of image formation. PNAS 105,
19998–20003.
Aston-Jones, G. (2005). Brain struc-
tures and receptors involved in
alertness. Sleep Med. 6(Suppl. 1),
S3–S7.
Aston-Jones, G., Chen, S., Zhu, Y., and
Oshinsky, M. L. (2001). A neural
circuit for circadian regulation of
arousal. Nat. Neurosci. 4, 732–738.
Aston-Jones, G., and Cohen, J. D.
(2005). An integrative theory of
locus coeruleus-norepinephrine
function: adaptive gain and optimal
performance. Annu. Rev. Neurosci.
28, 403–450.
Baba, Y., Kohase, H., Oono, Y., Fujii-
Aba, K., and Arendt-Nielsen, L.
(2012). Effects of dexmedetomidine
on conditioned pain modulation in
humans. Eur. J. Pain 16, 1137–1147.
Bakes, A., Bradshaw, C. M., and
Szabadi, E. (1990). Attenuation of
the pupillary light reflex in anxious
patients. Br. J. Clin. Pharmacol. 30,
377–381.
Bakker, M. J., Boer, F., Benninga, M. A.,
Koelman, J. H. T. M., and Tijssen,
M. A. J. (2010). Increased auditory
startle reflex in children with func-
tional abdominal pain. J. Pediatr.
156, 285–291.
Bakker, M. J., Tijssen, M. A., van der
Meer, J. N., Koelman, J. H., and
Boer, F. (2009). Increased whole-
body auditory startle reflex and
autonomic reactivity in children
with anxiety disorders. J. Psychiatry
Neurosci. 34, 314–322.
Baudrie, V., Tulen, J. H. M., Blanc,
J., and Elghozi, J.-L. (1997).
Autonomic components of the car-
diovascular response to an acoustic
startle stimulus in rats. J. Auton.
Pharmacol. 17, 303–309.
Berg, W. K., and Davis, M. (1984).
Diazepam blocks fear-enhanced
startle elicited electrically from
the brainstem. Physiol. Behav. 32,
333–336.
Berridge, C. W. (2008). Noradrenergic
modulation of arousal. Brain Res.
Rev. 58, 1–17.
Berridge, C. W., Schmeichel, B. E., and
España, R. A. (2012). Noradrenergic
modulation of wakefulness/arousal.
Sleep Med. Rev. 16, 187–197.
Berridge, C. W., and Waterhouse, B.
D. (2003). The locus coeruleus-
noradrenergic system: modulation
of behavioural state and state-
dependent cognitive processes.
Brain Res. Rev. 42, 33–84.
Bing, Z., Villanueva, L., and Le Bars,
D. (1990). Acupuncture and dif-
fuse noxious inhibitory controls:
naloxone-reversible depression of
activities of trigeminal convergent
neurons. Neurosci. 37, 809–818.
Bitsios, P., Szabadi, E., and Bradshaw,
C. M. (1996). The inhibition of
the pupilary light reflex by the
treat of an electric shock: a poten-
tial laboratory model of human
anxiety. J. Psychopharmacol. 10,
279–287.
Bitsios, P., Szabadi, E., and Bradshaw,
C. M. (1998a). The effects of
clonidine on the fear-inhibited
light reflex. J. Psychopharmacol. 12,
137–145.
Bitsios, P., Szabadi, E., and Bradshaw,
C. M. (1998b). Sensitivity of
the fear-inhibited light reflex to
diazepam. Psychopharmacol. (Berl.)
135, 93–98.
Bitsios, P., Philpot, A., Langley, R.
W., Bradshaw, C. M., and Szabadi,
E. (1999a). Comparison of the
effects of diazepam on the fear-
potentiated startle reflex and the
fear-inhibited light reflex in man.
J. Psychopharmacol. 13, 226–234.
Bitsios, P., Szabadi, E., and Bradshaw,
C. M. (1999b). Comparison of
the effects of venlafaxine, parox-
etine and desipramine on the
pupillary light reflex in man.
Psychopharmacol. (Berl.) 144,
286–292.
Bitsios, P., Szabadi, E., and Bradshaw,
C. M. (2002). Relationship of the
‘fear-inhibited light reflex’ to the
level of state/trait anxiety in healthy
subjects. Int. J. Psychophysiol. 43,
177–184.
Bitsios, P., Szabadi, E., and Bradshaw,
C. M. (2004). The fear-inhibited
light reflex: importance of the antic-
ipation of an aversive event. Int.
J. Psychophysiol. 52, 87–95.
Blumenthal, T. D., Burnett, T. T., and
Swerdlow, C. D. (2001). Prepulses
reduce the pain of cutaneous elec-
trical shocks. Psychosom. Med. 63,
275–281.
Braff, D., Stone, C., Callaway, E.,
Geyer, M., Glick, I., and Bali,
L. (1978). Prestimulus effects on
human startle reflex in normals and
schizophrenics. Psychophysiology 15,
339–343.
Brightwell, J. J., and Taylor, B. K.
(2009). Noradrenergic neurons in
the locus coeruleus contribute to
neuropathic pain. Neurosci. 160,
174–185.
Bullitt, E. (1990). Expression of c-fos-
like protein as a marker for neuronal
activity following noxious stimula-
tion in the rat. J. Comp. Neurol. 296,
517–530.
Butler, R. W., Braff, D. L., Rausch, J. L.,
Jenkins, M. A., Sprock, J., andGeyer,
M. A. (1990). Physiological evidence
of exaggerated startle response in
a subgroup of Vietnam veterans
with combat-related PTSD. Am.
J. Psychiatry 147, 1308–1312.
Cajochen, C., Münch, M., Kobialka, S.,
Kräuchi, K., Steiner, R., Oelhafen,
P., et al. (2005). High sensitiv-
ity of human melatonin, alertness,
thermoregulation, and heart rate
to short wavelength light. J. Clin.
Endocrin. Metab. 90, 1311–1316.
Carleton, R. N., Asmundson, G. J.,
Collimore, K. C., and Ellwanger,
J. (2006). Strategic and automatic
threat processing in chronic mus-
culoskeletal pain: a startle probe
investigation. Cogn. Behav. Ther. 35,
236–247.
Carter, M. E., Yizhar, O., Chikahisha,
S., Nguyen, H., Adamantidis, A.,
Nishino, S., et al. (2010). Tuning
arousal with optogenetic modula-
tion of locus coeruleus neurons.
Nat. Neurosci. 13, 1526–1533.
Carvalho, A. F., and Van Bockstaele,
E. J. (2012). Cannabinoid mod-
ulation of noradrenergic circuits:
implications for psychiatric disor-
ders. Progr. Neuropsychopharmacol.
Biol. Psychiatry 38, 59–67.
Chapman, C. R., Oka, S., Bradshaw, D.
H., Jacobson, R. C., and Donaldson,
G. W. (1999). Phasic pupil dilation
response to noxious stimulation in
normal volunteers: relationship to
brain evoked potentials and pain
report. Psychophysiology 36, 44–52.
Chen, C.-L., Yang, Y.-R., and Chiu,
T.-H. (1999). Activation of rat locus
coeruleus neuron GABAA receptors
by propofol and its potentiation by
phenobarbital and alphaxalone. Eur.
J. Pharmacol. 386, 201–210.
Chiu, T.-H., Chen, M.-J., Yang, Y.-R.,
Yang, J. J., and Tang, F.-I. (1995).
Action of dexmedetomidine on rat
locus coeruleus neurones: intracel-
lular recording in vitro. Eur. J.
Pharmacol. 285, 261–268.
Coote, J. H. (2005). A role for the par-
aventricular nucleus of the hypotha-
lamus in the autonomic control of
heart and kidney. Exp. Physiol. 90,
169–173.
Craig, A. D. (1992). Spinal and trigem-
inal lamina I input to the locus
coeruleus anterogradely labeled
with Phaseolus vulgaris leucoag-
glutinin (PHA-L) in the cat and
monkey. Brain Res. 584, 325–328.
Frontiers in Integrative Neuroscience www.frontiersin.org October 2012 | Volume 6 | Article 94 | 10
Szabadi Physiological reflexes and pain
Crespi, F. (2009). Anxiolytics
antagonize yohimbine-induced
central noradrenergic activity: a
concomitant in vivo voltametry-
electrophysiology model of anxiety.
J. Neurosci. Met. 180, 97–105.
Davis, M. (1979). Diazepam and
flurazepam: effects on condi-
tioned fear as measured with
the potentiated startle paradigm.
Psychopharmacology (Berl.) 62, 1–7.
Davis, M. (1989). Sensitization of the
acoustic startle reflex by footshock.
Behav. Neurosci. 103, 495–503.
Davis, M. (1992). The role of the
amygdala in fear-potentiated startle:
implications for animal models of
anxiety. Trends Pharmacol. Sci. 13,
35–41.
Davis, M., Falls, W. A., Campeau,
S., and Kim, M. (1993). Fear-
potentiated startle: a neural and
pharmacological analysis. Behav.
Brain Res. 58, 175–198.
Davis, M., Redmond, D. E. Jr.,
and Baraban, J. M. (1979).
Noradrenergic agonists and antago-
nists: effects on conditioned fear as
measured by the potentiated startle
paradigm. Psychopharmacology
(Berl.) 65, 111–118.
Duker, P. C., Hendriks, C., and Schoren,
J. (2004). Effect of wave frequency
of clinical electric shock: pain sen-
sation and startle response. Behav.
Intervent. 19, 103–110.
Ebert, U. (1996). Noradrenalin
enhances the activity of cochlear
nucleus neurons in the rat. Eur.
J. Neurosci. 8, 1306–1314.
Eder, D. N., Elam, M., and Wallin,
G. (2009). Sympathetic nerve
and cardiovascular responses to
auditory startle and prepulse
inhibition. Int. J. Physiol. 71,
149–155.
Elam, M., Svensson, T. H., and Thorén,
P. (1986). Locus coeruleus neu-
rons and sympathetic nerves: activa-
tion by cutaneous sensory afferents.
Brain Res. 366, 254–261.
Elsesser, K., Sartory, G., and
Tackenberg, A. (2004). Attention,
heart rate, and startle response
during exposure to trauma-relevant
pictures: a comparison of recent
trauma victims with posttraumatic
stress disorder. J. Abnorm. Psychol.
113, 289–301.
Fendt, M., and Fanselow, M. S. (1999).
The neuroanatomical and neu-
rochemical basis of conditioned
fear. Neurosi. Biobehav. Rev. 23,
7433–7760.
Fendt, M., Koch, M., and Schnitzler,
H. U. (1994a). Lesions of the cen-
tral gray block the sensitization of
the acoustic startle response in rats.
Brain Res. 661, 163–173.
Fendt, M., Koch, M., and Schnitzler, H.
U. (1994b). Amygdaloid nora-
drenaline is involved in the
sensitization of the acoustic
startle response in rats. Pharmacol.
Biochem. Behav. 48, 307–314.
Fernández-Pastor, B., Mateo, Y.,
Gümez-Urquijo, S., and Javier
Meana, J. (2005). Characterization
of noradrenaline release in the
locus coeruleus of freely moving
awake rats by in vivo microdialysis.
Psychopharmacology (Berl.) 180,
570–579.
Fritschy, J. M., and Grzanna, R. (1990).
Demonstration of two separate
descending pathways to the rat
spinal cord: evidence for an intra-
griseal trajectory of locus coeruleus
axons in the superficial layers of the
dorsal horn. J. Comp. Neurol. 291,
553–582.
Fruhstorfer, B., Mignot, E., Bowersox,
S., Nishino, S., Dement, W. C., and
Guilleminault, C. (1989). Canine
narcolepsy is associated with an ele-
vated number of α2-receptors in
the locus coeruleus. Brain Res. 500,
209–214.
Fukuda, T., Furukawa, H., Hisano, S.,
and Toyooka, H. (2006). Systemic
clonidine activates neurons of the
dorsal horn, but not the locus
coeruleus (A6) or the A7 area, after
a formalin test: the importance of
the dorsal horn in the antinocicep-
tive effects of clonidine. J. Anesth.
20, 279–283.
Funk, G. D., Parkis, M. A., Selvaratnam,
S. R., Robinson, D. M., Miles, G. B.,
and Peebles, K. C. (2000). Synaptic
control of motoneuron excitability
in rodents: frommonths to millisec-
onds. Clin. Exp. Pharmacol. Physiol.
27, 120–125.
Gaspar, P., Berger, B., Febvret, A.,
Vigny, A., and Henry, J. P. (1989).
Catecholamine innervation of the
human cerebral cortex as revealed
by comparative immunohisto-
chemistry of tyrosine hydroxylase
and dopamine-beta.hydroxylase.
J. Comp. Neurol. 279, 249–271.
Giakoumaki, S. G., Hourdaki, E.,
Grinakis, V., Theou, K., and Bitsios,
P. (2005). Effects of peripheral sym-
pathetic blockade with dapiprazole
on the fear-inhibited light reflex.
J. Psychopharmacol. 10, 139–148.
Göbel, H., and Cordes, P. (2005).
Circadian variation of pain sen-
sitivity in pericranial musculature.
Headache 30, 418–422.
Gómez-Nieto, R., Horta-Junior, J. A.,
Castellano, O., Herrero-Turrión, M.
J., Rubio, M. E., and López, F. E.
(2008). Neurochemistry of the affer-
ents to the rat cochlear nucleus:
possible synaptic modulation of the
acoustic startle response. Neurosci.
154, 51–64.
Gonzalez, M. M. C., and Aston-Jones,
G. (2006). Circadian regulation of
arousal: role of noradrenergic locus
coeruleus system and light expo-
sure. Sleep 29, 1327–1336.
Gooley, J. J., Lu, J., Fischer, D., and
Saper, C. B. (2003). A broad role for
melanopsin in nonvisual photore-
ception. J. Neurosci. 23, 7093–7106.
Gottesmann, C. (2011). The involve-
ment of noradrenaline in rapid
eye movement sleep menta-
tion. Front. Neurol. 2, 1–10. doi:
10.3389/fneur.2011.00081
Graham, S. J., Scaife, C., Langley, R.
W., Bradshaw, C. M., Szabadi, E., Xi,
L., et al. (2005). Effect of lorazepam
on fear-potentiated startle responses
in man. J. Psychopharmacol. 19,
249–258.
Griffin, M. G., Resick, P. A., and
Galovski, T. E. (2012). Does physio-
logic response to loud tones change
following cognitive-behavioral
treatment for posttraumatic stress
disorder? J. Trauma Stress 25,
25–32.
Grillon, C., Ameli, R., Charney,
D. S., Krystal, J., and Braff, D.
(1992). Startle deficits across pre-
pulse intensities in schizophrenic
patients. Biol. Psychiatry 32,
939–943.
Grillon, C., Ameli, R., Woods, S.
W., Mericangas, K., and Davis, M.
(1991). Fear-potentiated startle in
humans: effects of anticipatory anx-
iety on the acoustic blink reflex.
Psychophysiology 28, 588–595.
Grillon, C., Morgan, C. A., Southwick,
S. M., Davis, M., and Charney, D.
S. (1996). Baseline startle ampli-
tude and prepulse inhibition in
Vietnam veterans with posttrau-
matic stress disorder. Psychiatry Res.
64, 169–178.
Grombez, J., Baeyens, F.,
Vansteenwegen, D., and Eelen,
P. (1997). Startle intensification
during painful heat. Eur. J. Pain 1,
87–94.
Güler, A. D., Ecker, J. L., Lall, G. S.,
Haq, S., Altimus, C. M., Liao, H.-W.,
et al. (2008). Melanopsin cells are
the principal conduits for rod-cone
input to non-image-forming vision.
Nature 453, 102–106.
Guyenet, P. G. (1980). The coeru-
lospinal noradrenergic neurons:
anatomical and electrophysiological
studies in the rat. Brain Res. 189,
121–133.
Hatanaka, M., Tanida, M., Shintai,
N., Isojima, Y., Kawaguchi, C.,
Hashimoto, H., et al. (2008). Lack
of light-induced elevation of renal
sympathetic activity and plasma
corticosterone levels in PACAP-
deficient mice. Neurosci. Lett. 444,
153–156.
Hauck, M., Bischoff, P., Schmidt,
G., Zimmermann, R., Lorenz,
J., Morrow, J. T., et al. (2006).
Clonidine effects on pain evoked SII
activity in humans. Eur. J. Pain 10,
757–765.
Hayashida, K., Parker, R. E., and
Eisenach, J. C. (2010). Activation
of glutamate transporters in the
locus coeruleus paradoxically acti-
vates descending inhibition in rats.
Brain Res. 1317, 80–86.
Heckman, C. J., Mottram, C., Quinlan,
K., Theiss, R., and Schuster, J.
(2009). Motoneuron excitability:
the importance of neuromodula-
tory inputs. Clin. Neurophysiol. 120,
2040–2054.
Hermans, E. J., van Marle, H. J.,
Ossewarde, L., Henckens, M. J..,
Qin, S., van Kesteren, M. T., et al.
(2011). Stress-related noradrener-
gic activity prompts large-scale neu-
ral network reconfiguration. Science
334, 1151–1153.
Hey, J. A., Gherezghiher, T., and
Koss, M. C. (1985). Studies on the
mechanism of clonidine-induced
mydriasis in the rat. Naunyn
Schmiedebergs Arch. Pharmacol. 328,
258–263.
Hey, J. A., and Koss, M. C. (1988).
Alpha 1- and alpha 2-adrenoceptor
antagonists produce opposing
mydriatic effects by a central action.
J. Auton. Pharmacol. 8, 229–239.
Hijzen, T. H., and Slangen, J. L. (1989).
Effects of midazolam, DMCM and
lindane on potentiated startle in the
rat. Psychopharmacology (Berl.) 99,
362–365.
Hirata, H., and Aston-Jones, G. (1994).
A novel long-latency response of
locus coeruleus neurons to nox-
ious stimuli: mediation by periph-
eral C-fibers. J. Neurophysiol. 71,
1752–1761.
Hitchcock, J. M., Sananes, C. B.,
and Davis, M. (1989). Sensitization
of the startle reflex by footshock:
blockade by lesions of the cen-
tral nucleus of the amygdala or its
efferent pathway to the brainstem.
Behav. Neurosci. 103, 509–518.
Holand, S., Girard, A., Laude, D.,
Meyer-Bisch, C., and Elghozi, J. L.
(1999). Effects of an auditory star-
tle stimulus on blood pressure and
heart rate in humans. J. Hypertens.
17, 1893–1897.
Horn, C., Blischke, Y., Kunz, M., and
Lautenbacher, S. (2012a). Does pain
necessarily have an affective compo-
nent? Negative evidence from blink
reflex experiments. Pain Res.Manag.
17, 15–24.
Frontiers in Integrative Neuroscience www.frontiersin.org October 2012 | Volume 6 | Article 94 | 11
Szabadi Physiological reflexes and pain
Horn, C., Schaller, J., and
Lautenbacher, S. (2012b).
Investigating the affective compo-
nent of pain: no startle modulation
by tonic heat pain in startle respon-
sive individuals. Int. J. Psychophysiol.
84, 254–259.
Hou, R. H., Freeman, C., Langley,
R. W., Szabadi, E., and Bradshaw,
C. M. (2005). Does modafinil
activate the locus coeruleus in
man? Comparison of modafinil
and clonidine on arousal and
autonomic functions in human
volunteers. Psychopharmacology
(Berl.) 181, 537–549.
Hou, R. H., Samuels, E. R., Langley,
R. W., Szabadi, E., and Bradshaw,
C. M. (2007). Arousal and the
pupil: why diazepam-induced seda-
tion is not accompanied by mio-
sis. Psychopharmacology (Berl.) 195,
41–59.
Huang, H.-P., Zhu, F.-P., Chen, X.-W.,
Xu, Z.-Q. D., Zhang, C. X., and
Zhou, Z. (2012). Physiology of
quantal norepinephrine release
from somatodendritic sites of
neurones in locus coeruleus.
Front. Mol. Neurosci. 5, 1–5. doi:
10.3389/fnmol.2012.00029
Hubbard, C. S., Ornitz, E., Gaspar, J. X.,
Smith, S., Amin, J., Labus, J. S., et al.
(2011). Modulation of nociceptive
and acoustic startle responses to an
unpredictable threat in men and
women. Pain 152, 1632–1640.
Ikeda, T., Doi, M., Morita, K., and
Ikeda, K. (1994). Effects of midazo-
lam and diazepam as permedication
on heart rate variability in surgical
patients. Br. J. Anaesth. 73, 479–483.
Imbe, H., Okamoto, K., Donishi, T.,
Kawai, S., Enoki, K., Senba, E.,
et al. (2009). Activation of ERK
in the locus coeruleus following
acute noxious stimulation. Brain
Res. 1263, 50–57.
Ishida, Y., Hashiguchi, H., Takeda, R.,
Ishizuka, Y., Mitsuyama, Y., Kannan,
H., et al. (2002). Conditioned-
fear stress increases Fos expression
in monoaminergic and GABAergic
neurons in the locus coeruleus and
dorsal raphe nuclei. Synapse 45,
46–51.
Ishida, A., Mutoh, T., Ueyama,
T., Bando, H., Masubuchi, S.,
Hakahara, D., et al. (2005). Light
activates the adrenal gland: timing
of gene expression and gluco-
corticoid release. Cell Metab. 2,
297–307.
Ivanov, E., and Aston-Jones, G. (1995).
Extranuclear dendrites of locus
coeruleus neurons: activation by
glutamate and modulation of
activity by alpha adrenoceptors. J.
Neurophysiol. 74, 2427–2436.
Jacobsen, L. K., Southwick, S. M., and
Kosten, T. R. (2001). Substance use
disorders in patients with posttrau-
matic stress disorder: a review of
the literature. Am. J. Psychiatry 158,
1184–1190.
Kaehler, S. T., Sinner, C., and Philippu,
A. (2000). Release of catecholamines
in the locus coeruleus of freely mov-
ing and anaesthetized normoten-
sive and spontaneously hyperten-
sive rats: effects of cardiovascular
changes and tail pinch. Naunyn
Schmiedebergs Arch. Pharmacol. 361,
433–439.
Kalsbeek, A., Cutrera, R. A., Van
Heerikhulze, J. J., Van der Vliet,
J., and Buijs, R. M. (1999). GABA
release from suprachiasmatic
nucleus is necessary for the light-
induced inhibition of nocturnal
melatonin release in the rat.
Neuroscience 91, 453–461.
Kalsbeek, A., Garidou, M. L., Palm, I.
F., Van Der Vliet, J., Simonneaux,
V., Pévet, P., et al. (2000). Melatonin
sees the light: blocking GABA-ergic
transmission in the paraventricular
nucleus induces daytime secretion
of melatonin. Eur. J. Neurosci. 12,
3146–3154.
Kalsbeek, A., Palm, I. F., La Fleur,
S. E., Scheer, F. A., Perreau-Lenz,
S., Ruiter, M., et al. (2006). SCN
outputs and the hypothalamic bal-
ance of life. J. Biol. Rhythms 21,
458–469.
Kang, S.-Y., Roh, D.-H., Yoon, S.-Y.,
Moon, Y. J., Kim, H.-W., Lee, H.-J.,
et al. (2012). Repetitive treatment
with diluted bee venom reduces
neuropathic pain via potentiation of
locus coeruleus noradrenergic neu-
ronal activity and modulation of
spinal NR1 phosphorylation in rats.
J. Pain 13, 155–166.
Kaur, S., Saxena, R. N., and Mallick, B.
N. (1997). GABA in locus coeruleus
regulates spontaneous rapid eye
movement sleep by acting on
GABAA receptors in freely moving
rats. Neurosci. Lett. 223, 105–108.
Kavaliers, M., and Hirst, M. (1983).
Daily rhythms of analgesia in mice:
effects of age and photoperiod.
Brain Res. 279, 387–393.
Kavaliers, M., Hirst, M., and Teskey, G.
C. (1984). Aging and daily rhythms
of analgesia in mice: effects of
natural illumination and twilight.
Neurobiol. Aging 5, 11–114.
Kawasaki, A., and Kardon, R. H. (2007).
Intrinsically photosensitive retinal
ganglion cells. J. Neuroophthalmol.
27, 195–204.
Khakpay, R., Polster, D., Köles, L.,
Skorinkin, A., Szabo, B., Wirkner,
K., et al. (2010). Potentiation of the
glutamatergic synaptic input to rat
locus coeruleus neurons by P2X7
receptors. Purin. Signal. 6, 349–359.
Kiernan, J. A. (2005). Barr’s the Human
Nervous System: An Anatomical
Viewpoint. Maryland: Lippincott
Williams and Wilkins.
Kimura, F., and Nakamura, S. (1985).
Locus coeruleus neurons in the
neonatal rat: electrical activity and
responses to sensory stimulation.
Brain Res. 355, 301–305.
Kitajima, T., Kanbayashi, T., Saito, Y.,
Takahashi, Y., Ogawa, Y., Sugiyama,
T., et al. (2004). Diazepam reduces
both arterial blood pressure and
muscle sympathetic nerve activity in
human. Neurosci. Lett. 355, 77–80.
Koch, M. (1999). The neurobiology of
startle. Prog. Neurobiol. 59, 107–128.
Koch, M., and Schnitzler, H.-U. (1997).
The acoustic startle response in
rats–circuits mediating evocation,
inhibition and potentiation. Behav.
Brain Res. 89, 35–49.
Koss, M. C. (1986). Pupillary dila-
tion as an index of central nervous
system α2-adrenoceptor activation.
J. Pharmacol. Met. 15, 1–19.
Koss, M. C., Gherezghiher, T., and
Nomura, A. (1984). CNS adrenergic
inhibition of parasympathetic ocu-
lomotor tone. J. Auton. Nerv. Syst.
10, 55–68.
Krase, W., Koch, M., and Schnitzler,
H.-U. (1994). Substance P is
involved in the sensitization of the
acoustic startle response by foot-
shocks in rats. Behav. Brain Res. 63,
81–88.
Kromer, L. F., and Moore, R. Y.
(1976). Cochlear nucleus innerva-
tion by central norepinephrine neu-
rons in the rat. Brain Res. 118,
531–537.
Kumari, V., Cotter, P., Corr, P. J., Gray,
J. A., and Checkley, S. A. (1996).
Effect of clonidine on human acous-
tic startle reflex. Psychophrmacology
(Berl.) 123, 353–360.
Larson, M. D., and Talke, P. O. (2001).
Effect of dexmedetomidine, an α2-
adrenoceptor agonist, on human
pupillary reflexes during general
anaesthesia. Br. J. Clin. Pharmacol.
51, 27–33.
Levitt, P., Rakic, P., and Goldman-
Rakic, P. (1984). Region-specific
distribution of catecholamine affer-
ents in primate cerebral cortex: a
fluorescence histochemical analysis.
J. Comp. Neurol. 227, 23–36.
Lewis, G. N., Rice, D. A., Rome, K.,
and McNair, P. J. (2012). Reliability
of the conditioned pain modula-
tion paradigm to assess endogenous
inhibitory pain pathways. Pain Res.
Manag. 17, 98–102.
Li, D.-P., and Pan, H.-L. (2007).
Glutamatergic inputs in the
hypothalamic paraventricular
nucleus maintain sympathetic
vasomotor tone in hypertension.
Hypertension 49, 916–925.
Liu, L., Tsuruoka, M., Maeda, M.,
Hayashi, B., and Inoue, T. (2007).
Coerulospinal inhibition of visceral
nociceptive processing in the rat
spinal cord. Neurosci. Lett. 426,
139–144.
Liu, X., Tang, X., and Sanford, L. D.
(2003). Fear-conditioned suppres-
sion of REM sleep: relationship to
fos expression patterns in limbic
and brainstem region of BALB/cJ
mice. Brain Res. 991, 1–17.
Lockley, S. W., Evans, E. E., Scheer, F.
A., Brainard, G. C., Czeisler, C. A.,
and Aeschbach, D. (2006). Short-
wavelength sensitivity for the direct
effects of light on alertness, vig-
ilance, and the waking electroen-
cephalogram in humans. Sleep 29,
161–168.
Loewenfeld, I. E. (1993). “The pupil:
anatomy, physiology and clinical
applications, Chapter 6,” in Reflex
Dilation, (Detroit: Wayne State
University Press), 318–394.
Lu, J., Shiromani, P., and Saper, C. B.
(1999). Retinal input to the sleep-
active ventrolateral preoptic nucleus
in the rat. Neurosci. 93, 209–214.
Maeda, M., Tsuruoka, M., Hayashi, B.,
Nagasawa, I., and Inoue, T. (2009).
Descending pathwys from activated
locus coeruleus/subcoeruleus fol-
lowing unilateral hindpaw inflam-
mation in the rat. Brain Res. Bull. 78,
170–174.
Margalit, D., and Segal, M. (1979).
A pharmacologic study of anal-
gesia produced by stimulation
of the nucleus locus coeruleus.
Psychopharmacology (Berl.) 62,
169–173.
Marshall, R. D., and Garakani, A.
(2002). Psychobiology of the acute
stress response and its relation-
ship to the psychobiology of post-
traumatic stress disorder. Psychiatr.
Clin. Nort Am. 25, 385–395.
Marty, J., Gauzit, R., Lefevre, P.,
Couderc, E., Farinotti, R., Henzel,
C., et al. (1986). Effects of diazepam
and midazolam on baroreflex
control and on sympathetic activity
in humans. Anesth. Analg. 65,
113–119.
Michimori, A., Araki, K., and
Hagiwara, H. (1997). Effects of
illuminance levels sympathetic
activities. Sleep Res. 26, 677.
Minzenberg, M. J., Watrous, A. J.,
Yoon, J. H., Ursu, S., and Carter, C.
S. (2008). Modafinil shifts human
locus coeruleus to low-tonic, high
phasic activity during functional
MRI. Science 322, 1700–1702.
Frontiers in Integrative Neuroscience www.frontiersin.org October 2012 | Volume 6 | Article 94 | 12
Szabadi Physiological reflexes and pain
Millan, M. J. (2003). The neurobiology
and control of anxious states. Prog.
Neurobiol. 70, 83–244.
Morgan, C. A. III., Grillon, C.,
Southwick, S. M., Davis, M., and
Charney, D. S. (1996). Exaggerated
acoustic startle reflex in Gulf war
veterans with posttraumatic stress
disorder. Am. J. Psychiatry 153,
64–68.
Morgan, C. A. III., Southwick,
S. M., Grillon, C., Davis, M.,
Krystal, J. H., and Charney, D. S.
(1993). Yohimbine-facilitated
acoustic startle reflex in humans.
Psychopharmacology (Berl.) 110,
342–346.
Morrison, S. F. (2001). Differential con-
trol of sympathetic outflow. Am. J.
Physiol. Regul. Integr. Comp. Physiol.
281, R683–R698.
Nieuwenhuys, R. (1985). Chemo-
architecture of the Brain. Berlin:
Springer.
Niijima, A., Nagai, K., Nagai, N.,
and Nakagawa, H. (1992). Light
enhances sympathetic and sup-
presses vagal outflows and lesions
including the suprachiasmatic
nucleus eliminate these changes
in rats. J. Auton. Nerv. Syst. 40,
155–160.
Nishino, H., Koizumi, K., and Brooks,
C. M. (1976). The role of suprachi-
asmatic nuclei of the hypothala-
mus in the production of circadian
rhythm. Brain Res. 112, 45–59.
Noga, B. R., Johnson, D. M., Riesgo,
M. I., and Pinzon, A. (2011).
Locomotor-activated neurons of the
cat. II. Noradrenergic innervation
and colocalization with NEα1a and
NEα2b receptors in the thoraco-
lumbar spinal cord. J. Neurophysiol.
105, 1835–1849.
Nunn, N., Womack, M., Dart, C.,
and Barrett-Jolley, R. (2011).
Function and pharmacology
of spinally-projecting sympa-
thetic pre-autonomic neurones
in the paraventricular nucleus
of the hypothalamus. Curr.
Neuropharmacol. 9, 162–277.
Oka, S., Chapman, C. R., Kim, B.,
Nakajima, I., Shimizu, O., and Oi,
Y. (2007). Pupil dilation response to
noxious stimulation: effect of vary-
ing nitrous oxide concentration.
Clin. Neurophysiol. 118, 2016–2024.
Orr, S. P., Lasko, N. B., Shalev, A. Y., and
Pitman, R. K. (1995). Physiologic
responses to loud tones in Vietnam
veterans with posttraumatic stress
disorder. J. Abnorm. Psychol. 104,
75–82.
Orr, S. P., Metzger, L. J., Lasko, N. B.,
Macklin, M. L., Hu, F. B., Shalev,
A. Y., et al. (2003). Physiologic
responses to sudden, loud tones in
monozygotic twins discordant for
combat exposure: association with
posttraumatic stress disorder. Arch.
Gen. Psychiatry 60, 283–288.
Ossipov, M. H., Dussor, G. O., and
Porreca, F. (2010). Central modu-
laton of pain. J. Clin. Invest. 120,
3779–3787.
Pacák, K., and Palkovits, M. (2001).
Stressor specificity of central neu-
roendocrine responses: implications
for stress-related disorders. Endocr.
Rev. 22, 502–548.
Palkovits, M., Baffi, J. S., and Dvori,
S. (1995). Neuronal organization
of stress response. Pain-induced
c-fos expression in brain stem cate-
cholaminergic cell groups. Ann.N.Y.
Acad. Sci. 29, 313–326.
Pan, Y. Z., Li, D. P., Chen, S. R.,
and Pan, H. L. (2002). Activation
of delta-opoid receptors excites
spinally projecting locus coerulleus
neurons through inhibition of
GABAergic inputs. J. Neurohysiol.
88, 2675–2683.
Pan, Y. Z., Li, D. P., Chen, S. R., and
Pan, H. L. (2004). Activation of
mu-opioid receptors excites a
population of locus coeruleus-
spinal neurons through presynaptic
disinhibition. Brain Res. 997, 67–78.
Pan, H.-L., Wu, Z.-Z., Zhou, H.-Y.,
Chen, S.-R., Zhang, H.-M., and Li,
D.-P. (2008). Modulation of pain
transmission by G-protein-coupled
receptors. Pharmacol. Ther. 117,
141–161.
Pascoe, J. P., and Kapp, B. S. (1985).
Electrophysiological characteristics
of amygdaloid central nucleus neu-
rons during Pavlovian fear condi-
tioning in the rabbit. Behav. Brain
Res. 16, 117–133.
Passatore, M. (1976). Physiological
characterization of efferent cervi-
cal sympathetic fibers influenced
by changes of illumination. Exp.
Neurol. 53, 71–81.
Passatore, M., and Pettorossi, V. E.
(1976). Efferent fibers in the cervi-
cal sympathetic nerve influenced by
light. Exp. Neurol. 52, 66–82.
Patrick, C. J., Bertholt, B. D., and
Moore, J. D. (1996). Diazepam
blocks fear-potentiated startle in
humans. J. Abnorm. Psychol. 105,
89–96.
Peever, J. (2011). Control of motoneu-
ron function and muscle tone
during REM sleep, REM sleep
behaviour disorder and cata-
plexy/narcolepsy. Arch. Ital. Biol.
149, 454–466.
Perlstein, W. M., Simons, R. F., and
Graham, F. K. (2001). Prepulse
effects as a function of cortical pro-
jection system. Biol. Psychol. 65,
83–111.
Perreau-Lenz, S., Kalsbeek, A.,
Garidou, M. L., Wortel, J., van
der Vliet, J., van Hijningen, C.,
et al. (2003). Suprachiasmatic
control of melatonin synthesis in
rats: inhibitory and stimulatory
mechanisms. Eur. J. Neurosci. 17,
221–228.
Pertovaara, A., and Almeida, A. (2006).
“Endogenous pain modulation:
descending inhibitory systems,” in
Handbook of Clinical Neurology,
Pain. Vol. 81 eds F. Cervero and
T. S. Jensen (3rd series, vol. 3)
(Amsterdam: Elsevier), 179–192.
Peschanski, M., and Besson, J. M.
(1984). Coerulear projections to
the lateral diencephalon in the rat.
An anatomical study using wheat-
germ agglutinin conjugated to HRP.
Neurosci. Lett. 46, 329–334.
Pezzone, M. A., Lee, W. S., Hoffman,
G. E., Pezzone, K. M., and Rabin,
B. S. (1993). Activation of brainstem
catecholaminergic neurons by con-
ditioned and unconditioned aver-
sive stimuli as revealed by c-Fos
immunoreactivity. Brain Res. 608,
310–318.
Plotsky, P. M., Cunningham, E.
T., and Widmaier, E. P. (1989).
Catecholaminergic modulation
of corticotrophin-releasing factor
and adrenocorticotropin secretion.
Endocr. Rev. 10, 437–458.
Rasmussen, A. A., and Farr, L. A.
(2003). Effects of morphine and
time of day on pain and beta-
endorphin. Biol. Res. Nurs. 5,
105–116.
Rasmussen, K., and Jacobs, B. L.
(1986). Single unit activity of locus
coeruleus neurons in the freely
moving cat. II. Conditioning and
pharmacologic studies. Brain Res.
371, 335–344.
Rasmussen, K., Morilak, D., and Jacobs,
B. L. (1986). Single unit activity of
locus coeruleus neurons in the freely
moving cat. I. During naturalistic
behaviors and in response to simple
and complex stimuli. Brain Res. 371,
324–334.
Reeb-Sutherland, B. C., Helfinstein, S.
M., Degnan, K. A., Pérez-Edgar,
K., Henderson, H. A., Lissek, S.,
et al. (2009). Startle response in
behaviourally inhibited adolescents
with a lifetime occurrence of anxiety
disorder. J. Am. Acad. Child Adolesc.
Psychiatry 48, 610–617.
Revell, V. L., Arendt, J., Fogg, L. F.,
and Skene, D. J. (2006). Alerting
effects of light are sensitive to very
short wavelengths. Neurosci. Lett.
399, 96–100.
Reyes, B. A. S., Carvalho, A. F.,
Vakharia, K., and Van Bockstaele,
E. J. (2011). Amygdalar peptidergic
circuits regulating noradrenergic
locus coeruleus neurons: linking
limbic and arousal centers. Exp.
Neurol. 230, 96–105.
Richardson, R. (2000). Shock sen-
sitization of startle: learned or
unlearned fear? Behav. Brain Res.
110, 109–117.
Richardson, R., and Elsayed, H. (1998).
Shock sensitization of startle in rats:
the role of contextual conditioning.
Behav. Neurosci. 112, 1136–1341.
Rigas, B., Torosis, J., McDougall, C.
J., Vener, K. J., and Spiro, H. M.
(1990). The circadian rhythm of bil-
iary colic. J. Clin. Gastroenterol. 12,
409–414.
Robbins, T. W. (1984). Cortical nora-
drenaline, attention and arousal.
Psychol. Med. 14, 13–21.
Sajedianfard, J., Khatami, S.,
Semnanian, S., Naghi, N., and
Jorjani, M. (2005). In vivo mea-
surement of noradrenaline in the
locus coeruleus of rats during the
formalin test: a microdialysis study.
Eur. J. Pharmacol. 512, 153–156.
Sallinen, J., Haapalinna, A., Viitamaa,
T., Kobilka, B. K., and Scheinin,
M. (1998). Adrenergic alpha2C-
receptors modulate the acoustic
startle reflex, prepulse inhibition,
and aggression in mice. J. Neurosci.
18, 3035–3042.
Samuels, E. R., Hou, R. H., Langley,
R. W., Szabadi, E., and Bradshaw,
C. M. (2007). Modulation of the
acoustic startle response by the level
of arousal: comparison of clonidine
and modafinil in healthy volun-
teers. Neuropsychopharmacology 32,
2405–2421.
Samuels, E. R., and Szabadi, E. (2008a).
Functional neuroanatomy of the
noradrenergic locus coeruleus: its
roles in the regulation of arousal
and autonomic function. Part I:
principles of functional organi-
sation. Curr. Neuropharmacol. 6,
235–253.
Samuels, E. R., and Szabadi, E. (2008b).
Functional neuroanatomy of the
noradrenergic locus coeruleus:
its roles in the regulation of
arousal and autonomic function.
Part II: physiological and phar-
macological manipulations and
pathological alterations of locus
coeruleus activity in humans. Curr.
Neuropharmacol. 6, 254–285.
Sara, S. J. (2009). The locus coeruleus
and noradrenergic modulation of
cognition. Nat. Rev. Neurosci. 10,
211–223.
Sawamura, S., Kingery, W. S., Davies,
M. F., Agashe, G. S., Clark, J.
D., Kobilka, B. K., et al. (2000).
Antinociceptive action of nitrous
oxide is mediated by stimulation of
Frontiers in Integrative Neuroscience www.frontiersin.org October 2012 | Volume 6 | Article 94 | 13
Szabadi Physiological reflexes and pain
noradrenergic neurons in the brain-
stem and activation of [alpha]2B
adrenoceptors. J. Neurosci. 20,
9242–9251.
Sawynok, J., and Reid, A. (1986).
Role of ascending and descending
noradrenergic pathways in the
antinociceptive effect of cloni-
dine and baclofen. Brain Res. 386,
341–350.
Scaife, J. C., Langley, R. W., Bradshaw,
C. M., and Szabadi, E. (2005).
Diazepam suppresses the acqui-
sition but not the expression of
‘fear-potentiation’ of the acous-
tic startle response in man.
J. Psychopharmacol. 19, 347–356.
Scaife, J. C., Hou, R. H., Samuels,
E. R., Baqui, F., Langley, R. W.,
Bradshaw, C. M., et al. (2007).
Diazepam-induced disruption
of classically-conditioned fear-
potentiation of late-latency
auditory evoked potentials is
prevented by flumazenil given
before, but not after, CS/US pairing.
J. Psychopharmacol. 21, 93–101.
Scheer, F. A., Kalsbeek, A., and Buijs,
R. M. (2003). Cardiovascular con-
trol by the suprachiasmatic nucleus:
neural and neuroendcorine mecha-
nisms in human and rat. Biol. Chem.
384, 697–709.
Scheer, F. A., Ter Hors, G. J., van
Der Vliet, J., and Buijs, R. M.
(2001). Physiological and anatomic
evidence for regulation of the heart
by suprachiasmatic nucleus in rats.
Am. J. Physiol. Heart Circ. Physiol.
280, H1391–H1399.
Scheer, F. A., van Doormen, L. J., and
Buijs, R. M. (1999). Light and diur-
nal cycle affect human heart rate:
possible role for the circadian pace-
maker. J. Biol. Rhythms 14, 202–212.
Seals, D. R. (1990). Sympathetic acti-
vation during the cold pressor test:
influence of stimulus area. Clin.
Physiol. 10, 123–129.
Senba, E., Tohyama, M., Shiosaka, H.,
Takagi, M., Sakanaka, T., Matuzaki,
Y., et al. (1981). Experimental
and morphological studies of the
noradrenaline innervations in the
nucleus tractus spinal nervi trigem-
ini of the rat with special reference
to their fine structures. Brain Res.
206, 39–50.
Shalev, A. Y., Peri, T., Brandes, D.,
Freedman, S., Orr, S. P., and
Pitman, R. K. (2000). Auditory
startle response in trauma survivors
with posttraumatic stress disorder: a
prospective study. Am. J. Psychiatry
157, 255–261.
Siegelaar, S. E., Olff, M., Bour, L.
J., Veelo, D., Zwinderman, A. H.,
van Bruggen, G., et al. (2006).
The auditory startle response in
post-traumatic stress disorder. Exp.
Brain Res. 174, 1–6.
Sierralta, F., Naquira, D., Pinardi, G.,
and Miranda, H. F. (1996). α-
Adrenoceptor and opiod receptor
modulation of clonidine-induced
antinociception. Br. J. Pharmacol.
119, 551–554.
Sigg, E. B., and Sigg, T. D. (1969).
Hypothalamic stimulation of pre-
ganglionic autonomic activity and
its modification by chlorpromazine,
diazepam and pentobarbital. Int.
J. Neuropharmacol. 8, 567–572.
Sigg, E. B., Keim, K. L., and Kepner, K.
(1971). Selective effect of diazepam
on certain central sympathetic
components. Neuropharmacology
10, 621–629.
Singewald, N., Kaehler, S. T., and
Philippu, A. (1999). Noradrenaline
release in the locus coeruleus of
conscious rats triggered by drugs,
stress and blood pressure changes.
Neuroreport 10, 1583–1587.
Sorenson, C. A., and Swerdlow, N. R.
(1982). The effect of tail pinch on
the acoustic startle response in rats.
Brain Res. 247, 105–113.
Southwick, S. M., Krystal, J. H.,
Morgan, C. A., Johnson, D.,
Nagy, L. M., Nicolaou, A., et al.
(1993). Abnormal noradrenergic
function in posttraumatic stress
disorder. Arch. Gen. Psychiatry 50,
266–274.
Stam, R. (2007). PTSD and stress sen-
sitisation: a tale of brain and body
Part 1, human studies. Neurosci.
Biobehav. Rev. 31, 530–557.
Sugiyama, D., Hur, S. W., Pickering,
A. E., Kase, D., Kim, S. J.,
Kawamata, M., et al. (2012). In
vivo patch-clamp recording from
locus coeruleus neurones in the
rat brainstem. J. Physiol. 590,
2225–2231.
Swerdlow, N. R., Caine, S. B., Braff,
D. L., and Geyer, M. A. (1992).
The neural substrates of sensorimo-
tor gating of the startle reflex: a
review of recent findings and their
implications. J. Psychoharmacol. 6,
176–190.
Szabadi, E., Biswas, A., Langley, R.,
and Bradshaw, C. (2010). Effects
of clonidine on response of the
human pupil to monochromatic
light stimuli. Br. J. Clin. Pharmacol.
70, 300–301.
Szabadi, E., and Bradshaw, C. M.
(2000). Mechanisms of action of
reboxetine. Contemp. Pharmacother.
11, 267–282.
Tassorelli, C., Micieli, G., Osipova, V.,
Rossi, F., and Nappi, G. (1995).
Pupillary and cardiovascular
responses to the cold-pressor test.
J. Auton. Nerv. Syst. 55, 45–49.
Tavernor, S. J., Abduljawad, K. A. J.,
Langley, R. W., Bradshaw, C. M.,
and Szabadi, E. (2000). Effects of
pentagastrin and the cold pressor
test on the acoustic startle respone
and pupillary function in man.
J. Psychoharmacol. 14, 387–394.
Theofilopoulos, N., McDade, G.,
Szabadi, E., and Bradshaw, C. M.
(1995). Effects of reboxetine and
desipramine on the kinetics of the
pupillary light reflex. Br. J. Clin.
Pharmacol. 39, 251–255.
Tsai, J. W., Hannibal, J., Hagiware, G.,
Colas, D., Ruppert, E., Ruby, N. F.,
et al. (2009). Melanopsin as a sleep
modulator: circadian gating of the
direct effects of light on sleep and
altered homeostasis in Opn4−/−
mice. PLoS Biol. 7:e1000125. doi:
10.1371/journal.pbio.1000125
Tsuruoka, M., Arai, Y. C., Nomura,
H., Matsutani, K., and Willis, W.
D. (2003a). Unilateral hindpaw
inflammation induces bilateral
activation of the locus coeruleus
and the nucleus subcoeruleus
in the rat. Brain Res. Bull. 61,
117–123.
Tsuruoka, M., Matsutani, K., Maeda,
M., and Inoue, T. (2003b).
Coeruleotrigeminal inhibition of
nociceptive processing in the rat
trigeminal subnucleus caudalis.
Brain Res. 993, 146–153.
Ulrich-Lai, Y. M., and Herman, J.
P. (2009). Neural regulation of
endocrine and autonomic stress
responses. Nat. Rev. Neurosci. 10,
397–409.
Valentino, R. J., and Van Bockstaele,
E. (2008). Convergent regulation
of locus coeruleus connectiv-
ity as an adaptive response to
stress. Eur. J. Pharmacol. 583,
194–203.
Vandewalle, G., Schmidt, C., Albouy,
G., Sterpenich, V., Darsaud, A.,
Rauchs, G., et al. (2007). Brain
responses to violet, blue and
green monochromatic light expo-
sures in humans: Prominent
role of blue light and the brain-
stem. PLoS ONE 11:e1247. doi:
10.1371/journal.pone.0001247
van Esseveldt, K. E., Lehman, M.
N., and Boer, G. J. (2000). The
suprachiasmatic nucleus and the
circadian time-keeping system
revisited. Brain Res. Rev. 33, 34–77.
Voisin, D. L., Guy, N., Chalus, M., and
Dallel, R. (2005). Nociceptive
stimulation activates locus
coeruleus neurones projecting
to the somatosensory thalamus in
the rat. J. Physiol. 566, 929–937.
Walch, J. M., Rabin, B. S., Day, R.,
Williams, J. N., Choi, K., and
Kang, J. D. (2005). The effect
of sunlight on postoperative anal-
gesic medication use: a prospec-
tive study of patients undergoing
spinal surgery. Psychosom. Med. 67,
156–163.
Walter, H., Lesch, O. M., Stöhr, H.,
Grünberger, J., and Gutierrez-
Lobos, K. (2005). Reaction to
pain stimulus before and during
hypnosis measured by pupillary
reaction. Am. J. Clin. Hypn. 48,
145–152.
Wang, L., Martinez, V., Larauche,
M., and Taché, Y. (2009). Proximal
colon distension induces Fos expres-
sion in oxytocin-, vasopressin-,
CRF- and catecholamines-
contanining neurons in rat brain.
Brain Res. 1247, 79–91.
Wang, Y., Cheng, C. Y., Wang, J. Y.,
and Lin, J. C. (1998). Enhanced
antinociception of clonidine in
spontaneously hypertensive rats
involves a presynaptic noradren-
ergic mechanism. Pharmacol.
Biochem. Behav. 59, 109–114.
West, W. L., Yeomans, D. C., and
Proudfit, H. K. (1993). The func-
tion of noradrenergic neurons in
mediating antinociception induced
by electrical stimulation of the locus
coeruleus in two different sources
of Sprague-Dawley rats. Brain Res.
626, 127–135.
Westlund, K. N., Zhang, D., Carlton,
S. M., Sorkin, L. S., and Willis,
W. D. (1991). Noradrenergic inner-
vation of somatosensory thalamus
and spinal cord. Prog. Brain Res. 99,
77–88.
Williams, J. T., Henderson, G.,
and North, R. A. (1985).
Characterization of alpha 2-
adrenoceptors which increase
potassium conductance in rat locus
coeruleus neurones. Neuroscience
14, 95–101.
Willis, W. D., and Westlund, K. N.
(1997). Neuroanatomy of the pain
system and the pathways that mod-
ulate pain. J. Clin. Neurohysiol. 14,
2–31.
Womack, M. D., Morris, R., Gent, T.
C., and Barrett-Jolley, R. (2007).
Substance P targets sympathetic
control neurons in the paraven-
tricular nucleus. Circ. Res. 100,
1650–1658.
Wu, M. F., Gulyani, S. A., Yau, E.,
Mignot, E., Phan, B., and Siegel,
J. M. (1999). Locus coeruleus
neurons: cessation of activity dur-
ing cataplexy. Neuroscience 91,
1389–1399.
Yang, L. L., Niemann, C. U., and
Larson, M. D. (2003). Mechanism
of pupillary reflex dilation in awake
volunteers and organ donors.
Anesthesiology 99, 1281–1286.
Frontiers in Integrative Neuroscience www.frontiersin.org October 2012 | Volume 6 | Article 94 | 14
Szabadi Physiological reflexes and pain
Yarnitsky, D., Granot, M., Nahman-
Averbuch, H., Khamaisi, M., and
Granovsky, Y. (2012). Conditioned
pain modulation predicts duloxe-
tine efficacy in painful diabetic neu-
ropathy. Pain 153, 1193–1198.
Yarnitsky, D., and Ochoa, J. L. (1990).
Release of cold-induced burning
pain by cold-specific afferent input.
Brain 113, 893–902.
Yeomans, J. S., and Frankland, P. W.
(1996). The acoustic startle reflex:
neurons and connections. Brain Res.
Rev. 21, 301–314.
Yoshida, M., Ohdo, S., Takane,
H., Tomiyoshi, Y., Matsuo,
A., Yukawa, E., et al. (2003).
Chronopharmacology of analgesic
effect and its tolerance induced by
morphine in mice. J. Pharmacol.
Exp. Ther. 305, 1200–1205.
Yoshikawa, T., Wajima, Z., Ogura, A.,
Inoue, T., and Ogawa, R. (2001).
Orally administered clonidine sig-
nificantly reduces pain during injec-
tion of propofol. Br. J. Anaesth. 86,
874–876.
Yu, Y., and Koss, M. C. (2003). Studies
of alpha-adrenoceptor antagonists
on sympathetic mydriasis in rab-
bits. J. Ocul. Pharmacol. Ther. 19,
255–263.
Yu, Y., and Koss, M. C. (2004).
Alpha2-adrenoceptors do not medi-
ate reflex mydriasis in rabbits. J.
Ocul. Pharmacol. Ther. 20, 479–488.
Zahner, M. R., Li, D.-P., and Pan, H.-L.
(2007). Benzodiazepine inhibits
hypothalamic presympathetic neu-
rons by potentiation of GABAergic
synaptic input. Neuropharmacology
52, 467–475.
Zeitzer, J. M., Dijk, D. J., Kronauer,
R., Brown, E., and Czeisler, C.
(2000). Sensitivity of the human
circadian pacemaker to nocturnal
light: melatonin phase resetting
and suppression. J. Physiol. 526,
695–702.
Conflict of Interest Statement: The
author declares that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 15 June 2012; paper pending
published: 22 August 2012; accepted: 27
September 2012; published online:
October 2012.
Citation: Szabadi E (2012) Modulation
of physiological reflexes by pain: role
of the locus coeruleus. Front. Integr.
Neurosci. 6:94. doi: 10.3389/fnint.
2012.00094
Copyright © 2012 Szabadi. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License, which permits
use, distribution and reproduc-
tion in other forums, provided the
original authors and source are cred-
ited and subject to any copyright
notices concerning any third-party
graphics etc.
Frontiers in Integrative Neuroscience www.frontiersin.org October 2012 | Volume 6 | Article 94 | 15
17
